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PREFACE

^EVERAL GENERATIONS HAVE passed since Chevreul first

^ isolated the fatty acids, and during this period the labors of

many investigators have advanced our knowledge of the physical

and chemical properties of these compounds. Progress in our

understanding of the fatty acids has been highlighted by certain

notable contributions, some of which have compelled us to modify

our earlier, simpler concepts. The structures of the acids as re-

vealed by X rays, the behavior of acid mixtures, the role of poly-

morphism, the colloidal behavior of many of the fatty acid deriva-

tives testify to the tmexpected complexities of which the casual

observer is unaware. Perchance some master craftsman will arise

with the ability to weave together the phenomena associated with

this field. More probably, this task will be accomplished only by
the tireless and imceasing toil of many present and future scientists.

It is to this latter group that this book is primarily directed. It

will have served its purpose if it helps those who are to write that

which is yet unwritten concerning this interesting group of organic

compounds.

The subject matter of this book logically divides itself into two
sections. The first embraces a description of the fatty acids, their

occurrence in nature, their synthesis, and their physical properties.

The second is concerned with the synthesis, properties, and uses

of the various fatty acid derivatives.

This writing has been confined to those acids which contain six

or more carbon atoms and the derivatives of these acids. The
term derivative is employed in its broader sense and includes

those compounds which can be obtained by employing the fatty

acids as the starting material. Any group of compoimds which

can be prepared from the acids either directly or indirectly is,

therefore, considered as a fatty acid derivative. Those acids and
derivatives which contain less than six carbon atoms have been

v
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^es jof i^s(*t>^li'deeiAed essential for purposes of orientation,

^e nati^ally occurring fats, oils, and waxes have been considered

only s^'^^itfces of the fatty acids, and no attempt has been made

to include*the configuration of the naturally occurring glycerides

or to discuss in any detail the generalizations pertaining to the

structural differences which characterize the glycerides from differ-

ent sources. The synthetic glycerides, on the other hand, have

been discussed at some length since they can rightly be considered

as derivatives of the acids. The preparation of the fatty acids

from their natural esters has been considered as pertinent subject

matter, as have the various processes for the separation and puri-

fication of the acids.

The preparation, physical and chemical properties, and certain

uses of the major derivatives of the fatty acids are discussed in

detail. In considering these various derivatives an attempt has

also been made to throw light upon their historical background

and to estimate their relative importance. Where a voluminous

patent literature has been built around a specific type of derivative

that material which best illustrates the synthesis and characteristic

properties of the class has been chosen.

This book has been a number of years in preparation, a period

through which I have enjoyed the advice and encouragement of

my friend and former teacher. Dr. Henry Gilman. The transition

from a crude manuscript to a finished book demands many hours

tiresome and tedious work. A number of my associates have
cooperated with me in this phase of the undertaking, and to them
goes my sincere gratitude. This humble acknowledgment combines
my deep appreciation and my recognition of the importance of

such contributions. I am indebted to Dr. E. J. Hoffman and
Mr. R. J. Drozda for checking the references and to Miss Helen

Peterson and Miss Catherine O’Connor for the several t3rpings

of the manuscript. Miss O’Connor also assisted in the proofreading

and in the preparation of the index. Mr. C. McCann aided in the

translation of many articles from the German literature. The
drawings were prepared by Mr. C. W. Hoerr and Mr. D. N.
Eggenberger. The original manuscript was critically reviewed by
Dr. F. K. Broome, who has also assisted in the reading of the proof

and in the preparation of the index. His careful surveys of the

several phases of the manuscript and his many suggestions have
been of great value. I am indebted to the many workers in this
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field who have permitted me to quote from their publications and

to those editors of scientific journals who have allowed the use of

printed material. I thank Esther for her iinfailing patience and

encouragement.

In closing, I am mindful of the loyal cooperation of my fellow

workers in this laboratory and of the enthusiastic support and

encouragement of my superiors in Armour and Company, without

which certain portions of the experimental work recorded herein

would not have been brought to materialization.

Chicago, Ittinoia

January, 1948

A. W. R.
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THE SATURATED FATTY ACIDS

The fatty acids are a large group of aliphatic carboxylic adds,

so termed because of their widespread occurrence in the natural

fats, oils, and allied substances. In view of the common origin

of all fatty acids, their structural similarities, and their mutual

association in nature, one should keep in mind that the various

series have many properties in common. Thus, a number of the

generalizations which pertain to the saturated series will be found

to embrace the entire group of fatty acids. We cannot, therefore,

consider such series as the saturated adds, the various unsaturated

acids, the hydroxy acids, and other series of fatty acids in a strictly

isolated sense. These groups simply represent a classification based

upon certain differences in chemical structure, which differences

permit of a comparatively logical grouping of a large number of

closely related chemical individuals.

The saturated acids are a homologous series of compoimds of

the general formula RCO2H, in which the R group is a straight-

chain radical broadly characterized as CH3(CH2)* or CnH2n+i.
The acids range from volatile liquids to waxy solids as the series

is ascended and the intermediate members show all gradations be-

tween these two extremes. Those acids which contain from six

to nine carbon atoms are oily liquids, whereas those having ten

or more carbon atoms are solids which increase in waxlike proper-

ties with increase in molecular weight. Strictly speaking, the

term saturated fatty acid is descriptive only of the higher members
of the series, the properties of which are essentially dependent upon
the presence of the long-chain alkyl group. The lower members of

this homologous series are extremely water soluble; however, water

solubility decreases rapidly with increase in the number of carbon

atoms. The boiling points increase with each successive addition

of a CH2 group. The same may be said of the melting points

subject to the consideration of alternation between the melting

points of odd and even members.
1
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Our knowledge of the fatty acids dates back to a time previous

to the establishment of a rational chemical nomenclature for

organic compounds. As a consequence, the various members of

the series are not usually designated by their true systematic

names, but rather by their common names, which in most cases

have a historical significance and are retained largely because of

common usage and convenience. For example, the names lauric,

palmitic, and stearic acids are descriptive of the sources of the

adds. Although the continued use of these common names, par-

ticularly when carried over to a derivative, frequently leads to

confusion, these acids will probably always be so designated. Tt

appears desirable, therefore, in order to avoid any confusion as to

nomenclature, to present at the beginning of this chapter a list of

the various members of the saturated fatty acid series, including

the chemical names, formulas, and also the present accepted

common names of the more important, members. Table I con-

tains this information for the more important saturated fatty acids

which contain five or more carbon atoms.

TABLE I

Names and Formulas op Saturated Fatty Acids

Chemical Name Formula Common Nan

Pentanoic CH8(CH2)8C02H Valeric

Hexanoic CH8(CH2)4C02H Caproic

Heptanoic CH8(CH2) 6C02H Enanthic

Octanoic CH8(CH2)6C02H Caprylic

Nonanoic CH8(CH2)7C02H Pelargonic

Decanoic CH8(CH2)8C02H Capric

Undecanoic CH8(CH2)9C02H
Dodecanoic CH8(CH2)ioC02H Launc
Tridecanoic CH8(CH2)iiC02H
Tetradecanoic CH8(CH2)i2C02H Mynstic
Pentadecanoic CH8(CH2)i3C02H
Hexadecanoic CH8(OH2)i4C02H Palmitic

Heptadecanoic CH8(CH2)i6C02H
f Marganc

1 (Daturic)

Octadecanoic CH3(CH2)i6C02H Steanc
Nonadecanoic CH8(CH2) 17CO2H
Eicosanoic CH8(CH2)i8C02H Arachidic

Docosanoic CH8(CH2)2oC02H Behenic
Tetracosanoic CH8(CH2)22C02H Lignoceric

Hexacosanoic CH8(CH2)24C02H Cerotic

Octacosanoic CH8(CH2)26C02H Montamc
Triacontanoic CH8(CH2)28C02H Melissic

Dotriacontanoic CH8(CH2)8oC02H Lacceroic
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EBstorical Considerations

For a critical evaluation of our knowledge of the saturated fatty

acids it is necessary to go far back into chemical histoiy and re-

trace the various contributions which have culminated in our

present ideas concerning them. In view of the facts that the

saturated fatty acids present an excellent example of homology

and are of comparatively simple structure, and since certain mem-
bers of the series occur abundantly, one might expect that their

study has offered few difficult problems. That this is not the case

is testified to by the fact that it has been only within comparatively

recent years that the true chemical structure o/ the higher mem-
bers has been determined and that generalizations with regard to

the series as a whole have been formulated and proved. In a

historical review of this series there are several facts which must
be borne in mind. Our earliest knowledge of these acids was
essentially confined to those members which occur naturally.

Acids such as enanthic or pelai^onic, which are obtained only

synthetically, were not known to earlier workers. Of still more
importance is the fact that the naturally occurring saturated adds

are invariably associated with unsaturated acids and oftentimes

hydroxy acids. Thus, our earlier information concerning the fatty

acids was not confined exclusively to any particular series of adds.

The saturated fatty acids were the first of the fatty acids recognized

as chemical individuals and most of the pioneer discoveries and

theories embraced only the members of this series. That other

types of acids existed, however, was recognized at the outset.

Our ancestors developed many specific uses for fats in addition

to their use as foods, and it is evident that they must have had a

considerable familiarity with the properties of the various fatty

substances. Burning oils, drying oils, waxes, tallows, and other

types were recognized as having distinctive properties and specific

uses at a very early stage in our civilization. Somewhat later the

cultivation of various oil-bearing trees and plants was developed,

along with methods for the extraction and purification of the oils

so obtained.

Saponification was the first chemical reaction to which oils and
fats were subjected, and the early chemical history of these sub-

stances actually constitutes a study of this process. The study of

the products of saponification offered the initial clue to the actual

structure of the fats. Soaps were first prepared by boiling fats

with wood ashes and were considered to be a combination of the
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fats with the adi constituents. Later, caustic was substituted for

the wood adies, but it was not until the middle of the seventeenth

century that it was suggested that soap consisted of a combination

of acid with alkali. As early as 1666 Tachenium stated, in his

paper entitled '^Hippocrates Chimicas,” that saponification repre-

sents sudi a process.

Our present views concerning the structure of the fats and fatty

adds were formulated during the first quarter of the nineteenth

centuiy. The father of our modem conception of fatty substances

was a French chemist, Chevreul, whose contributions upon this

subject were made between the years 1813 and 1825. Chevreurs

work was presented in a series of papers before the French Academy
and was later summarized in a book entitled Recherches chimiques

mr Us corps gras d^origine animal^ which was published by G.

Levrault in Paris during the year 1823. His classical work on

fatty substances was of importance not only because he first

established the structure of the fats and isolated a number of the

more important saturated acids, but also because he succeeded

in liberating this field from many of the erroneous theories and
fanciful ideas of his day.

Both of the constituents of fats, glycerol and the fatty adds,

had been isolated many years before Chevreul's time. In 1741,

Geoffroy ascertained that the products obtained from the neutrali-

zation of soap differed from the original fat in that such substances

were soluble in alcohol, whereas the fats themselves were insoluble.

There can be no question but that Geoffroy actually had isolated

the fatty adds, but the significance of his discovery was not

apparent at that time. In 1779, Scheele discovered that one of

the products of the action of lead oxide on olive oil was a sweet

substance which he termed "olsuss.” Four years later he obtained

this substance from a number of other oils and stated that it

was apparently a constituent of all oils and fats. The discovery of

^cerol occurred at perhaps the most chaotic period in all chemical

history. Lavoisier’s researches upon combustion had been an-

noimced just a few years previously. The phlogiston theory, which

conddered fire as a material element, had dominated chemical

thinking dnce its proposal by Becher and its advancement by
StahL This theory, although under severe attack by Lavoisier,

still had many adherents, one of the most ardent of whom was
Scheele. Because of Scheele’s interpretation of all his experiments

and discoveries in the light of the phlogiston theory, their true
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significance was not fully appreciated until many years later.

Thus, as late as 1787 Abb4 Rosier, in commenting upon oils in

his work entitled A Complete Agricultural Course, stated that fats

and oils were composed of phlo^ston, water, and earth. Oils

offered many complex problems, one of which was concerned with

the so-called oil principle. Fourcroy comments in detail in his

Elements of Natural History and Chemistry on this oil principle,

which he considered to be identical with the distillate obtained

during the pyrolysis of fatty substances.

The isolation of fatty acids by Geoffroy and of glycerol by
Scheele were discoveries of extreme importance; however, their

interpretation and actual significance were only apparent after

the work of Chevreul. Although Braconnot,^ * whose investigations

were contemporary with those of Chevreul, did much to advance

the technology of fats, he apparently never recognized the true

nature of the fats or the meaning of many of his observations.

Chevreul’s work on the fats was initiated by a study of the products

of saponification of pork fat, which confirmed the presence of

glycerol in the saponification products. Treatment of the resulting

soaps with hydrochloric acid yielded a solid fatty substance which

he named ^^margarine” and a liquid which he described as ^^fluid

grease.” Chevreul determined that both the ‘‘margarine” and
the “fiuid grease” are acidic substances, and a short time later he

named the former margaric acid. He also stated that the fats are

ester-like substances in which the alcohol is glycerol. The “fluid

grease” was undoubtedly oleic add, but its identity was not

established until some time later. The name margaric acid, which
Chevreul gave to the solid acid, was retained until 1857, when
Heintz ^ proved it to be identical with the acid obtained from palm
oil by Fr4my * which was termed palmitic acid. Very early in his

work Chevreul observed that the solid acid isolated from mutton
tallow had a higher melting point than that obtained from pork

fat, and this observation culminated in Chevreul^s discovery of

stearic acid in 1816. In 1819, Chevreul obtained from dolphin oil

an acid which he named “phocenic acid,” later found to be iden-

tical with valeric acid, and in the same year he separated butyric,

caproic, and capric acids from butter fat by fractional ciystal^zar

tion of their barium salts.

Very few important scientific contributions go unchallenged,

and Chevreul’s findings were no exception. His statement that

* Bibliographical notes will be found at end of each chapter.
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the fats are ester-like bodies which combine glycerol and the fatty

acids was in conflict with the then accepted theory of Lavoisier.

This theory held that the essential element of all acids is oxygen

and that the amoimt of oxygen in compounds is a measure of their

acidic properties. Since the percentage of oxygen in glycerol is

substantially greater than that in the fatty acids, it was quite

difficult to see how glycerol could function as a base. Lavoisier’s

views concerning acids were first seriously challenged by the

investigations of Gay-Lussac, Thenard, and Davy upon the con-

stitution of hydrochloric acid and also by Gay-Lussac’s observa-

tions that hydrocyanic acid contains only hydrogen, carbon, and

nitrogen. Several of Chevreul’s contemporaries, particularly

Fourcroy, argued that the acidic nature of the products obtained

by Chevreul were due to the fixation of oxygen during the saponi-

fication. Chevreul then showed that similar products were ob-

tained when the saponification was conducted in vacuo and later

proved that water was involved in all processes of fat splitting.

He did not, however, assign formulas to the fatty acids which he

isolated, but confined his disclosure to a description of their general

properties.

In 1819, six of the more important saturated fatty acids had

been isolated; namely, butyric, valeric, caproic, capric, palmitic,

and stearic acids. A period of twenty years elapsed after the

discovery of these acids by Chevreul until any further additions

were made to this list. Playfair ^ in 1841 announced the isolation

of myristic acid from nutmeg butter, and the nei^t year Marsson ®

discovered lauric acid in laurel kernel oil. The existence of lauric

add was later confirmed by its isolation from coconut oil by
Gorgey.® Caprylic add, which was apparently overlooked by
Chevreul, was discovered by Lerch ^ in 1844 during an examination

of the fatty adds of butter fat. The first saturated fatty acid

containing more than eighteen carbon atoms to be described was
behenic acid, which was isolated from behen oil by Volcker ® in

1848, and in the same year Brodie ® established the presence of

cerotic acid in beeswax. Six years later Gosmann announced

the discovery of arachidic acid in peanut oil, and a number of

years later E^reiling restudied the acids of peanut oil and observed

the presence of lignoceric acid, which had been previously ffis-

oovered by Hell and Hermanns ^ in their investigation of the fatty

adds of beech tar paraffin. A study of the fatty acids of beeswax

by Nafsger,^® Marie,^® and others led to the isolation of montanic
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and melissic acids, but their identity as individuals was not proved

until a comparatively recent date.

Occurrence of the Saturated Fatty Acids

The saturated fatty acids occur in association with the un-

saturated fatty acids and hydroxy acids in the various oils,

fats, and waxes. Such fatty substances are essential components

of animal, marine, and vegetable life, and the fatty acids are

undoubtedly a necessary factor in the life cycle of every living

thing. We are, at present, quite ignorant of the laws which

govern the natural occurrence of the fatty acids and can only offer

certain generalizations based upon observation.

The fatty acids occur almost exclusively in nature in the form

of esters. They are seldom found in the free state. Although

free fatty acids have been frequently reported in the fats of ripe

seeds and in the waxes, there is considerable question as to whether

they were originally present as such or were formed by the action

of the various seed lipases or by refining processes to which the

waxes were subjected. The glycerides constitute, by far, the most

important source of the fatty acids. These glycerides are esters of

the trihydric alcohol glycerol with the fatty acids and are repre-

sented in nature by the many oils, fats, and phosphatides. It is

beyond the scope or intention of this book to discuss the naturally

occurring glycerides in detail since this subject has been ade-

quately treated by others.^® However, the glycerides are, by far,

the most abundant source of the fatty acids and it is advisable to

consider in some detail several of the generalizations concerning

them.

The glycerides occur widely distributed as normal constituents

of all forms of animal, vegetable, and marine life. The particular

acids present depend very largely on the source of the glyceride,

although the relative amounts of the various acids have been

shown to be influenced by the environment under which they are

formed. Thus, the fats of sea life are characterized by the presence

of high molecular weight, highly unsaturated acids associated with

only minor amounts of saturated acids. Fats of land animals

contain large amounts of Cie and Cis saturated and imsaturated

acids, whereas fats of vegetable origin contain substantial amounts

of one or more closely related acids which are characteristic of the

particular source. Thus, coconut oil contains a large amoimt of

lauric acid and closely related acids, ricinoleic acid is found in
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castor cH, eleostearic add characterizes tung oil, and palmitic add
constitutes a major component of palm oil.

A marked correlation exists between the fats produced by the

various members of the animal kingdom, particularly as regards

their depot fats and the fats contained in their normal food. Sea

algae and other marine plants contain many of the characteristic

adds present in fish oUs,^^ and the work of Klem indicates that

the fats of whales and those of the Crustacea upon which they feed

are of quite similar composition. This correlation appears, how-

ever, to be confined essentially to the depot fats since the same

author has shown that rats fed on coconut oil and whale oil con-

tained similar body fats on starvation. An interesting example

of the influence of diet fat on the composition of depot fats has

been reported recently by Hilditch and Murti.^® The depot fat

of the land crab Birgus latro, L., commonly known as the coconut

crab, contains 66.5% of fully saturated glycerides and shows a

remarkable similarity in composition to coconut oil; however, the

remainder of the fat is typical of that of marine animals. This

unusual composition of the depot fat is attributed to the fact that

this crab is known to feed on coconuts. The influence of the com-

position of fats in feeds on the structure of the body fats of hogs

has been studied by a number of investigators, among whom may
be mentioned Ellis and Isbell®® and Ellis and Zeller.®^ Similar

studies on rats have been made by Anderson and Mendel ®® and
also by Eckstein.®* This work has shown conclusively that the

composition of the body fats of animals is influenced by the com-
position of the fatty foods ingested.

There is considerable evidence to support the generalization

that the colder and more vigorous the climate in winch a plant is

grown the greater the unsaturation of the fatty acids produced

by it. Many examples of plants containing highly unsaturated

glycerides and thriving only in comparatively hot climates can

be cited as refuting this belief. The work of Ivanov,®^ Pigulev-

skii,®* and others has, however, shown rather conclusively that

fats of plants of the same species are more saturated the warmer
the climate in which they are grown. The following conclusions

were drawn by Pigulevskii.

The nature of the oil in a plant depends upon climate conditions, a

given plant growing in a cold climate producing acids of a lower degree

of saturation and, therefore, of greater chemical activity than the

same plant growing in a warm climate. Cultivated plants growing
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under more favorable conditions lose the ability to produce acids as

unsaturated as those produced by plants in the wild state. While

there is a difference in the relative amounts of different acids and

different oils, there seems to be little difference in the nature of these

acids, these usually being oleic, linoleic, and linolenic acids.

Since animals are primarily dependent upon the vegetable

kingdom for their foods, it follows that the more saturated fats

should be found in animals which live in the wanner climates.

This generalization may also apply to the actual formation of

the animal fats, as indicated by the observations that animals fed

similar foods, but maintained under different temperature condi-

tions, possess body fats of varying degrees of saturation.

The naturally occurring glyceride mixtures generally contain

at least five, and frequently more, different fatty acids, and cannot

be, therefore, rightly considered as simple esters. The earlier

workers in the held of the fats and fatty acids assumed the fats

to be mixtures of simple triglycerides. For example, it was thought

for some time that a fat which contained equimolecular propor-

tions of palmitic, oleic, and linoleic acids would consist essentially

of a mixture of tripalmitin, triolein, and trilinolein. It is now
known that this is not the case and that a fat of the above com-

position would contain only a small percentage of simple triglyc-

erides. Nature shows a very decided preference toward the

formation of mixed triglycerides, and in practically every case

the naturally occurring glycerides will show as heterogeneous a
structure as theoretically possible. Thus, the amount of any
individual fatty acid in a fat will be foimd evenly distributed

throughout the various glycerides. No completely satisfactoiy

explanation of this observation has been offered; however, it is

interesting to note that minimum-melting-point [^sterns result

from this heterogeneous arrangement. By reason of this prefer-

ence for the formation of mixed triglycerides, the fats, in most
cases, present a rather complicated mixture of glycerides and it is

usually necessary to saponify or otherwise split the fats completely

before pure compounds can be obtained from them.

The fatty adds are also foimd widely distributed in the various

plant, animal, and insect waxes. Although these waxes comprise

only a relatively small percentage of the total amount of fatty

substances found in nature, they are of interest from both a
chemical and a biological standpoint. The waxes differ from the

fats in that in the latter the alcohol is always glycerol, whereas in
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the former the alcohol is generally a monohydric alcohol. The
waxes possess a somewhat less complicated structure than the

glycerides and, indeed, it is frequently possible to separate pure

esters from them. Thus, ceryl cerotate may be readily isolated

from Chinese wax, or cetyl palmitate from spermaceti or opium
wax by repeated crystallization. Many examples can be cited in

which pure esters can be obtained by crystallization of the natural

waxes. Esters of the cyclic alcohols, or sterols, are examples of

waxes which are foimd widely distributed throughout both the

animal and the vegetable kingdoms. Cholesterol esters are found

in significant amounts in wool wax and other animal waxes, and

their presence in various portions of the animal body, such as the

spinal cord, brain, and nervous system, suggests that they are

intimately connected with life processes. The esters of the

phytosterols which characterize plant waxes are of appreciable

biological interest.

Significant facts regarding the fatty acids found in the waxes

are that they are usually of high molecular weight and belong to

the saturated series. Another point of interest is that these waxes

generally contain very appreciable amounts of high molecular

weight hydrocarbons which partially account for their high per-

centage of unsaponifiable matter. Waxes also contain some free

fatty acids, although there is a question as to whether these are

present originally or formed during various processes of extraction

and refining. The waxes may be either liquids or solids and are

found in both the animal and the vegetable kingdoms. Among
the important animal waxes may be mentioned sperm oil, wool wax,

and the various cholesterol esters present in the animal body.

Vegetable waxes are usually obtained from the leaves of plants or

as exudates from plant tissue. One of the most important vege-

table waxes, camauba wax, is obtained from the leaves of a trop-

ical palm, C(yp€rnicia cerifera; candelilla wax is obtained from a

shrub, PedilanthiLS pavoniSj cottonseed wax from raw cotton, and

palm wax as an exudate of the palm tree. The various insect

waxes, such as beeswax, Chinese wax, and many others, are formed

by the insects at some period during the life cycle and resemble

the plant waxes in many important respects. Bacterial waxes,

such as those formed by tubercle or leprosy bacilli, have been the

subject of considerable investigation as regards their constitution

and properties. The peat waxes, such as montan wax, are rather

closely related to the vegetable waxes, owing perhaps to a common
origin.
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From the foregoing, it is apparent that since the saturated fatty

acids occur associated with unsaturated acids and with acids of

other series, any comments with reference to the occurrence of the

saturated acids can generally be applied to the entire group of

fatty acids. There are, however, several important observations

and generalizations which pertain rather specifically to members
of one or the other series. Those which apply to the saturated

series can be considered at this time and those which concern the

other series will be discussed under their proper headings. Palmitic

acid is the most abundant and widely distributed of the saturated

fatty acids. This acid is the major component of many of the fats

and waxes and has been found in practically every fatty substance

so far investigated. Stearic acid is also an important constituent

of all animal fats and of many of the vegetable fats and waxes.

It is, however, not so abundant in nature as its lower homolog

palmitic acid. This is quite contrary to the popular belief, since

stearic acid is generally considered to be the most characteristic

and prevalent of all the saturated acids. Saturated acids which

contain more than eighteen carbon atoms are usually present

only as minor components in the animal and vegetable fats; how-
ever, such acids frequently constitute major components of many
of the plant and insect waxes. Acids containing less than sixteen

carbon atoms are frequently encountered in the vegetable oils,

but, with the exception of the milk fats, they do not form major

components of the animal fats.

An interesting observation which applies specifically to the

saturated acids is that when one member of the series is present

in large amount in a fat, the next lower and the next higher homo-
logs will also be found. Thus, if an oil contains lauric acid as a
major component it will invariably contain capric acid and smaller

amounts of acids lower than capric acid, and it will also contain

myristic acid together with smaller amounts of the higher molecular

weight acids. This mutual association of the saturated acids has

been universally recognized. It presents one of the reasons why
the separation of the higher acids has been so difficult and the final

determination of their structures so long delayed.

Several generalizations concerning the structure and configura-

tion of the naturally occurring saturated acids have been the sub-

ject of considerable controversy. It is now rather universally

accepted that the naturally occurring acids contain a normal, un-

branched chain of carbon atoms and that only those which have

an even number of carbon atoms exist in the natural fats.' An
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apparent exception to both of these statements is the presence of

isovaleric acid in certain dolphin and porpoise oils, and in the oil

from valerian roots. The presence of isovaleric acid in dolphin

jaw and head oils was first noted by Chevreul, and later Andr6

compared the acids obtained from dolphin jaw oil and from

valerian root with synthetic isovaleric acid and showed the three

adds to be identical. The more recent work of Kldn and Stigol ^

and of Gill and Tucker has conclusively shown that isovaleric

acid must be considered as an exception to the general rule. The
occurrence of isovaleric acid as a normal constituent of certain

fats has been a subject of speculation, and several explanations

have been offered to account for its presence. Holde and Bley-

berg 2® have suggested that it is produced by the degradation of

albumin, while others have pointed out the similarity of the carbon

structures of isovaleric acid and isoprene as indicating a possible

biological relationship between these two compounds.

The question concerning the non-occurrence in natural fats of

fatty acids having an uneven number of carbon atoms was not

easily answered. Since the saturated acids form a series of closely

related compounds, the adjacent members of which differ by only

one CH2 group, it is evident that the higher members are so sim-

ilar that their separation one from another is extremely difficult.

Because of the difficulty in separating and purifying the higher

acids and because of the tendency of the saturated acids to form

binary mixtures which exhibit many of the properties of pure

compounds, practically eveiy acid containing an odd number of

carbon atoms up to tritriacontanoic acid has at some tune been

reported as a component of a naturally occurring fatty substance.

Thus, such acids as neocerotic, ceroplastic, cluytinic, ibotocerotic,

margaric, tachardiaceric, dorosomic, daturic, and many others

have been shown to be difficultly separable acid mixtures and not

chemical individuals. Since palmitic and stearic acids are the

most abundant of the saturated acids and are conunon components

of many fatty substances, it is not surprising that the acid having

their mean molecular weight, heptadecanoic acid, is the uneven

acid most frequently reported as present in natural products.

Adds described as heptadecanoic add have been designated by
such names as margaric, daturic, and dorosomic adds, and in

several instances the question of their identity has cast consider-

able doubt upon the theory of the non-existence in natural products

of adds with an odd number of carbon atoms. All such reported
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cases have^ after further investigation, been shown to be equi-

molecular mixtures of palmitic and stearic adds, and it is now
conclusively established that heptadecanoic add does not occur

in the natural fats which have so far been examined.

The formulas first assigned to the saturated fatty adds by earlier

workers in this field showed them to contain a normal chain of

carbon atoms. In the case of the lower members of the series, it

was soon conclusively proved that they possess an unbranched

carbon chain. Thus, lieben and Rossi and Linnemann com-

pared a number of the lower members with normal synthetic adds

and found them to be identical. Krafft® proved the normal

structure of lauric add by showing that it formed normal undec-

anoic acid by degradation. A similar method of proof was em-

ployed by Krafft to establish the normal configuration of myris-

tic, palmitic, and stearic acids. Thus, the normal structure of the

acids containing eighteen carbon atoms or less was proved at a

comparatively early date. In recent years, several acids which

offer possible exceptions to this generalization have been described.

An isopalmitic acid has been reported in egg yolk oil by Suzuki,^

in shark egg oil by Ono,^^ in egg oil of Bombyx mori by Ozaki and

Kasai,’* and in chrysalis oil by Kawase, Suda, and Fukuzawa.’’^

Its existence in the latter has been questioned by Ueno and Ikuta.”

A branched stearic acid, termed tuberculostearic acid, has been

isolated from the wax of the tubercle bacillus by Anderson and

Chargaff,” and by Anderson and Uyei,*® from the fat of the lepro^

bacillus. Various saturated acids present in wool wax have been

stated to possess an iso-structure; however, there is some doubt

as to their actual identity.

Although the higher saturated acids, those with more than

eighteen carbon atoms, were at first considered to contain a
normal carbon chain, it is interesting to note that it has been

only within the last few years that they have been definitely

assigned a normal structure. Gosmann^* considered arachidic

acid to be eicosanoic, and the higher adds were assumed for many
years to contain an unbranched chain of carbon atoms. Doubt
was cast upon this supposition, however, when it was shown by
many workers that the acids of high molecular weight which

were isolated from natural sources possessed much lower melting

points than the normal acids prepared by synthetic means. Thus,

Ehrenstein and Stuewer*^ stated that arachidic acid was not

dcosanoic add but an isobehenic add. Levene and Taylor*’
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prepared a number of the higher saturated adds and found that

they possessed much higher melting points than those isolated

from natural sources. Levene, West, and van der Scheer had

previously found that the hydrocarbons formed from the natural

adds possessed lower melting points than the synthetic normal

hydrocarbons and thus questioned the normal structures assigned

to these acids. These discrepancies between the melting points

of the synthetic and naturally occurring acids led to an increased

effort to purify the naturally occurring acids in an endeavor to

ascertain their true configurations. Francis, Piper, and Malkin,^

Holde and Bleyberg,®® and others have concluded from a study

of x-ray measurements on highly purified, naturally occurring,

saturated acids that the spacings conform to a normal and not an

iso-structure. Later work has resulted in a verification of these

findings.

Synthesis of the Saturated Fatty Acids

Many of the acids shown in Table I occur in abundant quan-

tities in the oils, fats, and waxes while others have been shown to

be entirely absent. There is, consequently, a great difference in

the relative importance of the various members of this series.

Those which occur naturally can, in most cases, be readily ob-

tained from such sources, while the availability of the other

members is limited to their synthetic preparation. All the acids

of this series, including some of quite high molecular weight, have

been prepared synthetically, and a short description of the general

methods employed follows.

The synthesis of the saturated fatty acids has been accomplished

by a number of procedures, some of which can be advantageously

employed for the preparation of any of the members whereas

others are of limited adaptability. Such synthetic methods in-

volve one of two general procedures. Either shorter-chain acids

can be subjected to a series of reactions, the final product of which

is a longer-chain acid, or the higher molecular weight acids may be

degraded to acids of lower molecular weight.

Among the first methods employed is one which is highly satis-

factory and still frequently used. This consists of the reduction

of an acid or its alkyl ester to the corresponding alcohol, conversion

of this alcohol to the alkyl iodide and then to the corresponding

cyanide, which is hydrolyzed to give an acid containing one carbon

atom more than the original acid. For example, pentadecanoic
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acid can be synthesized from myristic acid by the following steps:

C18H27CO2H -> C18H27CH2OH C18H27CH2I C18H27CH2CN

C13H27CH2CO2H

Lieben and Rossi and Linnemann used this method for the

preparation of several of the lower acids, and the procedure has

since been adopted by Levene and Taylor ^ and by many others

for the synthesis of various higher saturated acids.

The maJonic acid synthesis offers one of the most convenient

procedures for the synthesis of the higher saturated acids. This

reaction involves the following steps:

RCO2H RCH2OH RCH2I RCH2CH(C02Et)2 ->

RCH2CH(C02H)2 RCH2CH2CO2H

This method is especially -useful for the preparation of acids of

quite high molecular weight, Bleyberg and Ulrich having used

it for the preparation of the saturated acids from eicosanoic to

triacontanoic acid. It was also employed by Francis, Collins,

and Piper and by Shiina for the preparation of a number of

saturated acids.

An interesting method for the synthesis of the higher members
of this acid series consists of the preparation of the higher keto

acids, the Clemmensen^® reduction of which yields the nonnal

acids. The keto acid is obtained by the reaction of an w-bromo

acid with the sodium derivative of ethyl acetoacetate and the

condensation of the resulting product with a high molecular

weight acid chloride, followed by the hydrolysis of this condensa-

tion product. This method was proposed by Robinson,^® who
prepared triacontanoic acid by condensing the ethyl ester of 11-

bromoundecanoic acid with ethyl sodioacetoacetate and treating

the product with stearoyl chloride. Hydrolysis of the resulting

ethyl 2-acetyl-2-stearoylbrassylate gives 13-ketotriacontanoic acid,

the reduction of which yields triacontanoic acid. Francis, Collins,

and Piper prepared tetratriacontanoic and pentatetracosanoic

acids by a similar procedure.

The Grignard reaction has frequently been employed for the

synthesis of acids of the saturated series. The alkyl halide of the

parent acid is prepared and converted to the alkylmagnesium

halide by the usual procedure. When this Grignard reagent is

treated with carbon dioxide in acid solution, an add is obtained

which contains one carbon atom more than the parent add. Thus,
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palmitic acid may be converted to heptadecanoic add as follows:

-uHjiCOaH CifiHjxCHaOH — CisHaiCH*! CuHjiCHaMgl

C1BH81CH2CO2H

Eluttan has used this method for the preparation of several high

nolecular weight adds. Lukes has prepared the adds from

lexanoic to decanoic by treating Grignard reagents with N-
nethylsucdnimide. The resulting l-methyl-5-alkylpyrrol-2-one

idelds a 7-keto acid on hydrolysis which contains four carbon

itoms more than the original add. The saturated fatty add is

)btained by reduction of this keto acid.

By the methods described above it is possible to start with any

icid in this series and prepare from it any other acid having a

greater number of carbon atoms. Another general type of pro-

jedure, which is perhaps of equal importance, consists of the step-

vise degradation of an acid to its next lower homolog. One of the

earliest methods of this type was employed by Krafft ^ for the

Dreparation of undecanoic acid from lauric acid. The process

xrnsists of the preparation of a methyl ketone by heating the

3arium salt of the higher acid with barium acetate and the oxida^

ion of this ketone by means of potassium permanganate and sul-

uric add. Krafft ** also prepared tridecanoic, pentadecanoic, and

leptadecanoic acids by this procedure. The method results in the

synthesis of an acid which contains one carbon atom less than the

original add. Because of the comparatively poor yields which

*esult, it is used infrequently as a means of obtaining the saturated

idds.

Another early method for the conversion of a higher acid to its

lext lower homolog consists of the action of excess bromine in

alkaline solution on amides. The reaction of bromine with amides

p^as first proposed by Hofmann “ for the preparation of amines and
substituted ureas, and three years later he stated that by the

use of excess bromine the nitrile of the lower homolog is obtained

in appreciable yields. Thus, heptadecanoic acid is prepared from

stearic add by the following reactions:

Di7H86CX)2H C17H8BCONH2 (C17H86NH2) CieHssCN

C16H88CONH2 C16H88CO2H

This method has since been employed by Lutz ^ for the degrada-

tion of myristic add to tridecanoic add and thence to lauric add.
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The degradation of an add to its next lower homolog may be

accomplished by its conversion to an aldehyde containing one

carbon atom less than the original acid, followed by the oxidation

of this aldehyde to its corresponding acid. Le Sueur prepared

the aldehydes by conversion of the acids to their a-bromo deriva-

tives which were then treated with potassiiun hydroxide to form

a-hydroxy acids. The aldehydes result from the heating of these

o-hydroxy adds for one hour at 270-280°. Le Sueur accomplished

the preparation of margaric acid from stearic acid by this pro-

cedure. During the same year Blaise developed a similar proc-

ess; however, his interpretation of the various steps involved

differed somewhat from that of his contemporary. In a later

paper, Le Sueur extended his investigations to include several

other members of the series. A number of years later, Lapworth

introduced a modification of the original method, the modification

consisting of the direct oxidation of 2-hydroxymyristic add in

acetone solution by means of potassium permanganate, and this

procedure was employed subsequently by Levene and West,®*

who reported substantial yields of margaric and pentadecanoic

acids from stearic and palmitic acids, respectively. Oxidation of

the a-hydroxy acid in acetone solution eliminates the necessity for

the isolation and purification of the intermediate aldehyde and

consequently results in higher yields.

The fusion of a-chloro or a-bromo acids with potassium hydrox-

ide at about 300° has been proposed by Rochussen as a satis-

factory means of acid degradation. Capric acid has been obtained

from 2-chloroundecanoic acid, enanthic acid from 2-bromocaprylic

acid, and capric and imdecanoic acids from 2-bromolauric acid by
this reaction.

The various methods of synthesis or degradation described

above are of general application inasmuch as they may be used for

the conversion of any acid to a lower or higher homolog by a step-

wise process. In addition to such methods there are also a number
of quite specific processes which can be employed advantageoudy

for the preparation of certain members of the saturated acid series.

One of the most important of these is the catalytic hydrogenation

of an unsaturated acid or ester to the corresponding saturated

compoimd. In a number of cases highly purified unsaturated acids

or esters can be prepared and their catalytic hydrogenation offers

an excellent source of saturated acids. Thus, stearic acid, entirely

free from palmitic add, can be obtained by the hydrogenation of
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ethyl oleate or oleic acid. Recently, Kass and Keyser®^ have

suggested the hydrogenation of purified elaidic acid, linoleic acid,

or eleosteaiic acid as a means of preparing pure stearic add. The
hydrogenation of erucic acid or its esters offers the best source of

behenic add. If the pure unsaturated add can be obtained easily,

hydrogenation presents an extremely satisfactory means of pre-

paring the corresponding saturated acid.

The oxidation of unsaturated acids is frequently used for the

production of certain saturated acids. The method, which is

essentially limited to monoolefinic acids, depends on the oxidative

cleavage of the double bond to produce a fatty acid and a dicar-

boxylic acid. An outstanding example of this method is the

preparation of pelargonic and azelaic acids by the oxidation of

oleic acid.

The destructive distillation of the hydroxy acids or their soaps

is sometimes employed for the production of shorter-chain satu-

rated acids. For example, 10-undecenoic acid may be prepared

easily by the destructive distillation of ricinoleic acid or its salts,

which 3delds enanthaldehyde and undecenoic acid according to the

following equation:

CH8(CH2)6CH(0H)CH2CH:CH(CH2)7C02H -
CH3(CH2)6CH0 + CH2:CH(CH2)8C02H

The resulting aldehyde can be oxidized to enanthic acid or the

undecenoic acid hydrogenated to imdecanoic acid. This decompo-

sition was extensively studied by Krafft,®® who later ®® described

the reduction of the resulting 10-undecenoic acid to undecanoic

add by means of hydriodic acid and red phosphorus.

Mixtures of fatty acids may be prepared by oxidation of par-

affins, and although this method has received considerable com-

merdal prominence it is not easily adapted to the preparation of

individual adds. Several other specific methods for the prepara-

tion of saturated acids may be mentioned. Among these are the

fusion of imsaturated adds with alkali, and the pyrolysis of nitriles

followed by hydrolysis of the resulting products. The latter pro-

cedure offers a source of many shorter-chain acids.

Fatty Acids of the Saturated Series

The following summary of the individual members of the series

of saturated fatty acids is concerned with their historical back-

ground, occurrence, synthesis, and their more important physical
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constants. Their physical properties are discussed in detail in a

separ^e chapter, as are also their esters and other derivatives.

Readers interested in a specific acid should consult these later

chapters in addition to the following.

Butanoic Acid (ti-Butybic Acid)

,
TZr-Butyric acid is a colorless, unpleasant-smelling liquid, soluble

in water (5.62 g. in 100 cc. at —1.1®), miscible with ethanol and

ether, and soluble in most organic solvents. The acid melts at

—7.9° and boils at 162-162.5° at 768.8 mm.®^ Its density and

refractive index have been reported to be as follows: 0.9587,

1.33906, and 1.3775.

ri-Butyric acid was first recognized as a constituent of the

natural fats by Chevreul. It occurs, in association with caproic,

caprylic, and higher acids, in the milk fats of mammals, the amount
varying with the type of animal, its diet, and its environment.

Dhingra reported 3.0, 3.3, and 2.1% in goat, sheep, and camel

milk fats, respectively, and Bhattacharya and Hilditch ®® found

4.1% in buffalo milk fat. It is a common component of all butter

fats in amounts varying from 2 to 4%. n-Butyric acid has been

observed as its hexyl ester in the oil of the fruit of Heradeum
giganteum by Zincke and collaborators.®^

ri-Butyric acid is formed by the ‘‘but3rric fermentation^' of

carbohydrates and in certain fermentations of glycerol. It has

been reported by Neuberg and Rosenberg ®® to be a product of

the putrefaction of casein, by Neuberg and Arinstein ®® to be

produced in fermentation of certain sugars, and by Scala^® to

be formed during rancidity production in oils. Schutze, Shive,

and Lochte have identified n-butyric acid in certain petroleum

distillates, -and Kumamoto” reported its presence in Kaoliang

fusel oil. It has been observed in the products formed during the

dry distillation of wood, and Schmid has recently shown it to

be produced during the distillation of amber.

Pentanoic Acid (rir-

V

aleric Acid); Isovaleric Acid

Isovaleric acid is the only known exception to the generalization

that only even-carbon acids exist in natural products. Chevreul

isolated an acid which he termed ‘^phocenic acid” from dolphin

jaw oil, and this acid was subsequently shown to be isovaleric acid.

Both n-valeric acid and isovaleric acid are colorless liquids which

possess a characteristic putrid odor. The normal acid melts at
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—84.6® and boUs at 186.35® at 760 mm., 96® at 23 mm., and 86®

at 15 mm.; the iso-acid (3-methylbutanoic acid) melts at --51® and

boils at 176.7® at 760 mm. Both adds are appreciably soluble

in water (100 g. of water dissolves 3.7 g. of ri-valeric acid at 16®

and 4.2 g. of isovaleric at 20®). Other constants for these acids

are: n^valeric, df® 0.9387, 0.9435, nf? 1.4086; isovaleric, dl®

0.937, 1.40178.

These adds have been synthesized by a number of different

methods. Lieben and Rossi and Adams and Marvel prepared

n-valeric acid by the hydrolysis of w-butyl cyanide, and Gilman

and Parker have described its synthesis by the action of carbon

dioxide on butylmagnesium bromide. A satisfactory method for

the preparation of w-valeric acid is the decomposition of w-propyl-

malonic acid.^® Isovaleric acid can be prepared by a similar

procedure. Valeric acids have been reported to be formed by
the action of carbon dioxide and water on olefins, or by the action

of formic acid on butene.^* The formation of isovaleric acid during

the high-pressure synthesis of alcohols from carbon monoxide

and hydrogen has been observed by Strada.^® Zelinsku and

Przheval’skii have prepared 7i-valeric acid by the oxidation of

hexane, and Koizumi has described its preparation by the elec-

trolytic oxidation of 1-pentanol. The formation of valeric acids

during putrefactive changes in carbohydrates and proteins has

been frequently observed.

The presence of a valeric acid in natural products has been the

subject of considerable controversy. It has frequently been

claimed that the ‘‘phocenic acid” of Chevreul and the valeric acid

isolated from valerian root were mixtures of butyric and caproic

acids, and there has also been some question as to whether the

reported valeric acid had a normal or iso configuration. These

questions were answered by the work of Andr4 which showed

conclusively that the valeric acid found in valerian root and in

dolphin and porpoise oils was actually isovaleric acid and not an

equimolecular mixture of butyric and caproic acids. Andr4 com-

pared the valeric acid obtained from natural sources with S3mthetic

isovaleric add, prepared from isobutylmagnesium bromide and
carbon dioxide, and found them to be identical. The later work
of Klein and Stigol ^ and of Gill and Tucker upon porpoise jaw
oil has confirmed the natural occurrence of isovaleric add. More
recently, cetyl isovalerate has been isolated from the products of

distillation of pilot-whale head oil by Tsujimoto and Koyanagi.®®
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Bullock** has confirmed the presence of valeric add in oil of

valerian root; Schutze, Shive, and Lochte have isolated it from

petroleum distillates; and Kumamoto ^ has reported that it com-

prises 53% of a Kaoliang fusel oil. Apparently the valeric acid

present in natural oils is isovaleric add and not the normal add.

Several observers have attributed its presence to the decomposi-

tion of albumins. The resemblance of the carbon structure of

isovaleric add to isoprene has also been the subject of considerable

speculation.

Hexanoic Acid (Caproic Acid)

This acid was first isolated by Chevreul during his investigations

upon the composition of butter fat. It has since been reported

as a minor component of many animal and vegetable oils, par-

ticularly the milk fats, coconut oil, and various palm oils.

Caproic acid is a colorless, oily liquid of unpleasant odor. It

melts at —3.9® and boils at 1W5.35® at 760 mm., 146® at 100 mm.,

and 100® at 10 mm. The melting point of —3.9® for this add,

which was reported by Simon,*® should replace the value of —1.6®

observed by Fittig ^ and by Gartenmeister ** and frequently

reported in the literature. Other physical constants which have

been reposted for caproic acid are: 0.94423, dl^ 0.93136,

0.91832, tid 1.41635. Its solubility in water, 0.8859 g. per 100 cc.,

is much less than that of valeric acid. It is soluble in ether, both

cold and hot ethanol, and other organic solvents.

Caproic acid can be readily prepared by the hydrolysis of

n-pentyl cyanide,*® by the decomposition of 7i-butylmalonic

acid,’®**® by the oxidation of 1-hexanol,®® or by the oxidation of

castor oil with nitric acid.®^ It can also be prepared by the action

of carbon dioxide on nr-pentylmagnesium bromide, according to

the method employed by Gilman and Parker for the synthesis

of n-valeric acid. The formation of small amounts of caproic acid

has been noted by Strada ^® during the high-pressure synthesis of

alcohols from carbon monoxide and hydrogen. Caproic acid is

formed in small amounts during the putrefaction of casein,®*

the action of bacteria upon carbohydrates,** and during rancidity

production in oils and fats.^®

Caproic acid is found in a number of vegetable oils and fats.

It is never present in large amoimts and is always associated with

capiylic acid and higher saturated adds. All milk fats contain

caproic add; however, the amount present seldom exceeds 3%.
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Polonovski, Cuvelier, and Avenard “ have reported 0.35% caproic

add in human milk; Hilditch and Paul found 2.0% in the fat

of cow's milk; Dhingra reported 3.0, 2.8, and 0.9% in the milk

fats of goats, sheep, and camels, and Bhattacharya and Hilditch ®®

observed 1.4% in buffalo milk fat. Riemenschneider and Ellis ^

have confirmed the presence of this acid in goat's milk fat. The
butter fats contain caproic acid in varying amounts depending

upon the source and method of treatment of the fat. The distilla-

tion of the fatty acids of butter fat offers a commercial source of

caproic acid.

Coconut oils contain caproic acid, the amount reported by var-

ious investigators varying from a fraction of 1% to approximately

5%, disagreements which are largely occasioned by different

methods of isolation. Birosel and others have reported 0.38%
of caproic acid in the fat of fresh coconut milk; Lepkovsky, Feskov,

and Evans found 0.5% in coconut oil, whereas Taylor and

Clarke ^ reported 0.46%. Elsdon,®® however, found 2% by
alcoholysis of the coconut oil with methanol followed by fractiona-

tion. Caproic acid also occurs in small amounts in various other

oils, mainly those of the palm family. Babassu fat contains

0.1% of caproic acid and palm kernel oil (Brazil) 1.66%. Its

presence has been reported in the fat of barley rootlets and in

the algae fats.^®^ Substantial amounts of caproic acid appear to

be present in the various fusel oils. Kumamoto found 17.2%
in sweet potato fusel oil and 25.5% in cane molasses fusel oil, and

Shoruigin and others have noted its presence in potato fusel oil.

Apparently the normal acid is the only hexanoic acid which is

found in natural products. Its normal structure was proved at an

early date by Lieben and Rossi,®® and although isocaproie acids

have been reported in natural products from time to time their

presence has never been confirmed.

Heftaxoic Acid (Enanthic Acid)

Enanthic acid was first described by Bussy,^®® who obtained it

by the oxidation of enanthaldehyde. Enanthic acid is a colorless,

oily liquid which possesses a disagreeable, rancid odor. The melt-

ing point of —8.9® as recorded by Deffet ^®® has been redetermined

by Bilterys and Gisseleire,^®® who reported it to be — 7.46®. Enan-

thic add boils at 223.01® at 760 mm., and at 124-125.5® at 0.8

mm. The other accepted constants for this acid are: dCi 0.93454,

di® 0.92215, 0.90989, and np 1.4130. Enanthic acid is only
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slightly soluble in water, 0.2419 g. dissolving in 100 cc. at 15^

It is soluble in ethane^ and ether.

Enanthic acid is not found in the natural oils, fats, and waxes,

although it has been reported in several of the floral waxes and
Ruzicka and Schinz have stated that it is present in violet leaf

oil. It has also been identified in the pyrolytic products of shark

oils; however, it was not believed to be present in the original oil.

A number of methods have been proposed for the synthesis of

enanthic acid, the most satisfactory of which is the oxidation of

heptanal by potassium permanganate in acid solution.^®® It has

also been prepared from heptanal by oxidation with dilute nitric

acid or with potassium dichromate and sulfuric acid.^^*

An alkaline solution of potassium permanganate was employed by
Fournier, and an acetone solution by Rogers.^^® Wahlfors

has described the preparation of enanthic acid by the action of

nitric acid upon castor oil. The acid has also been prepared by
the oxidation of 1-heptanol,^^^ and by heating 1-heptanol with

dry potassium hydroxide at 200-230®.^^* The oxidation of stig-

masterol has been observed to yield enanthic acid, and Strada

reported its presence in the products produced by the high-

pressure S3mthesis of alcohols from carbon monoxide and hydrogen.

Smit has stated that *enanthic acid is produced by the ozoniza-

tion of castor oil. The presence of enanthic add has been observed

in rancid oils,^® and it is evidently found in various fusel oils in

appreciable amounts. Kumamoto reported 58.3% in molasses

fusel oil and 26.9% in sweet potato fusel oil.

OcTANOic Acid (Caprylic Acid)

Caprylic acid was first described by Lerch,^ who isolated it

during his study of the fatty acids of butter fat. It is a colorless

liquid which possesses an unpleasant, persistent, rancid odor.

Holde and Gentner reported a melting point of 16.3° for caprylic

acid, a value which was later confirmed by Deffet.^®® The add
boils at 239.3° at 760 mm., and at 124° at 10 mm. Other physical

constants for caprylic acid are. 0.90884, dj® 0.8708, no 1.4286,

Wd 1.4085. Caprylic acid is very slightly soluble in water, 0.079 g.

dissolving in 100 cc. of water at 15°. It is soluble in ethanol, ether,

benzene, and other organic solvents.

Caprylic acid has been synthesized by several methods, two of

the most important of which are the hydrolysis of octanenitrile,*^

and the decomposition of hexylmalonic acid according to the
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procedure employed by v. Braun and others ^ for the preparation

of 2-bromocapiylic acid. The acid can also be prepared by the

oxidation of 1-octanol. Rochussen has ‘synthesized capiylic

acid by heating 2-chloroimdecanoic acid with potassium hydroxide

at 300^, and Truchet has described its formation by the action

of potassium hydroxide upon l-chlorooctyne.

Caprylic acid is foimd widely distributed in nature in the various

milk and butter fats^ coconut and similar oils, and in the various

palm oils. It has also been reported to be present in small amounts

in many of the lesser-known oils, such as grapefruit seed oil,^*^ oil

of sweet oranges,^®* oil of lemongrass,^*® fat of the seeds of the bay

tree,^^ grape seed oil/®* violet leaf oil,^®^ and the fat of nux vom-
ica.^®*

One of the best-known sources of caprylic acid is coconut oil, in

which it is found associated with both lower and higher saturated

acids and from which it can be obtained by distillation of the acids

or their alkyl esters. The literature contains many conflicting

statements relative to the amount of caprylic acid present in this

oil, and although some variations between various samples are to

be expected it is believed that many of the low values reported for

caprylic acid are due to its loss during separation and identification.

Elsdon ** reported 9% of caprylic acid in coconut oil by fractional

tion of the methyl esters, a value which, as shown by later work, is

evidently approximately correct. Taylor and Clarke ” found 8.7%
in this oil, Noboii^*® reported 8.73%, and Lepkovsky, Feskov,

and Evans reported 9%. Armstrong, Allan, and Moore in

their investigation of African coconut oil have observed that the

oil from the parings contained 2% of capiylic acid and that from

the kernels 9.5%. Many lower values have been reported for the

caprylic acid content of the coconut oils, but it is surprising that

Bomer and Baumann^*® have stated that caprylic acid is not

present in coconut oil. Caprylic acid also occurs in substantial

ainounts in several of the palm oils, particularly palm kernel oil.

Armstrong, Allan, and Moore found 3% of capiylic acid in

palm kernel oil, and recently McKinney and Jamieson^®® have

reported 9.10% in a Brazilian palm kernel oil. Heiduschka and
Agsten ®® found 6% of caprylic acid in babassu fat, and Hilditch

and Vidyarthi reported 7.5% in cohune nut oil.

Small amounts of caprylic acid have also been observed in

several fats of marine origin. Nobori has recently observed it to

be present in Japanese sardine oil and also in herring oil.^*®
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Tsujimoto had previously reported its presence in the head oil

of the sperm whale. Takahashi and others have stated that

capiylic acid is found in algae fat.

Caprylic acid occurs along with other saturated adds in the

various milk fats. Dhingra reported 3.9, 3.8, and 0.6% in

the milk fats of goats, sheep, and camels, respectively, and its

presence in the fat of sow’s milk has been observed by Laxa.^^

The amount found in the various milk fats apparently varies with

the type, diet, and environment of the animal from which the milk

is obtained. Butter fat contains varying amounts of caprylic add,

Libbert^** having reported 0.8% in this fat, a value which is

probably considerably below the average.

Caprylic acid has been reported to be a component of fusel oils.

Kumamoto ^ found 23.7% in potato fusel oil, and Shoruigin and
others have confirmed its presence in this oil. Raper has

reported the presence of capiylic acid in the products formed

during the butyric fermentation of sugar.

It is apparent that capiylic acid is rather widely distributed in

the animal and vegetable fats, where it occurs generally as a

minor component. It is invariably associated with the lower

saturated acids such as caproic, and with the higher acids such as

capric and lauric. The naturally occurring acid has a normal

structure and no reports of the existence of isocaplylic acids in

natural products have been substantiated.

Nonanoic Acid (Pelargonic Acid)

Since pelargonic acid is one of the oxidation products of oleic

acid it was probably first encountered during a study of the oxida-

tion of this acid. Among the earlier descriptions of pelargonic

acid is that given by Zincke and Franchimont,^"’^^ who prepared

it from 1-octanol by conversion of the alcohol to the iodide and

thence to the cyanide, which was hydrolyzed to the corresponding

acid.

Pelargonic acid is a colorless fatty liquid which possesses a veiy

heavy rancid odor. Franchimont and Zincke reported the melting

point of pelargonic acid to be 12-12.5^, which is in good agreement

with the value of 12.30° determined many years later by Deffet.^®®

Pelargonic acid boils at 264.4° at 760 mm., and at 180° at 100 mm.
Other physical constants for this acid are as foDows: 0.9109,

df ® 0.9068, df 0.90562, and 1.43067. The acid is very slightly
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soluble in water, soluble in ethanol, ether, acetic acid, and many
other organic solvents.

One of the most satisfactory methods for the preparation of

pelargonic acid is the oxidative cleavage of oleic acid. Lapworth

and Mottram reported 70% of the theoretical yield of this acid

by the oxidation of dihydroxystearic acid with potassium per-

manganate, a reaction which has lately been studied in detail by

Bougault and Schuster.^^ Molinari and Soncini,^^® Harries and

Tiirk,^^® and Thieme have described the preparation of pelar-

gonic add by the decomposition of oleic acid ozonide. The
decomposition of erucic acid ozonide also results in a high yield

of pelargonic acid.^^* It is one of the products of the oxidative

cleavage of stearolic acid.^^®*^®® The oxidation of methyl or ethyl

oleate in acetone or acetic acid solution has been sho’vra by Arm-
strong and Hilditch to result in high yields of pelargonic add.

The fusion of unsaturated acids or of dihydroxy acids with alkalies

brings about a cleavage of the alkylene or alkyl chain, with the

formation of lower molecular weight acids, and this method has

been successfully used for the preparation of pelargonic add from

various unsaturated and dihydroxy acids, Eckert has obtained

pelargonic acid by the fusion of dihydroxystearic acid with potas-

sium hydroxide and potassium iodate, and Nicolet and Jurist

have studied its formation by the fusion of dihydroxystearic acid

with potassium hydroxide. The fusion of 10-undecenoic acid

and of 2-bromoundecanoic acid with potassium hydroxide has

also been shown to result in good yields of pelargonic acid. Pelar-

gonic acid can be readily prepared by the oxidation of various

octyl ketones according to the method employed by Krafft.*®’®*

St. Pfau has described the preparation of this acid by the oxida-

tion of methyl octyl ketone with sodium hypoiodite. The synthesis

of pelargonic acid from heptyl bromide by means of the malonic

add method has been recently described by Reid and Ruhoff.*®

Other reported methods for the synthesis of this acid are: the oxi-

dation of pelargonaldehyde by means of silver oxide; the oxidar

tion of castor oil with nitric add; and the heating of barium

stearate with sodium methylate.^®®

Pelargonic acid is not present in the naturally occurring oils and
fats, although it has frequently been reported in oil of rue, and
Tassilly has stated that it occurs in Japan wax. It is, however,

fonned during various oxidative and randdity changes in fats,^®*^®®

and is a common constituent of many fusel oils.^*^®^ Those cases
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in which its presence has been reported in the naturally occurring

oils can probably be explained by its formation during an oxidative

cleavage of the acids of the original oils.

Decanoic Acid (Capric Acid)

Chevreul first identified capric acid during his investigation of

the composition of butter fat. It has since been shown to be a

common component of many of the naturally occurring fats and

oils.

Capric acid is a low-melting solid. It possesses a heavy, some-

what rancid odor which is much less penetrating and less dis-

agreeable than that of its lower homologs. The accepted value

for the melting point of capric acid, 31.3°, was established by
Deffet and is in agreement with the value of 31.3-31.4° previ-

ously found by Gorgey.® Other values which have been reported

are 31° and 35°.^®^ Capric acid boils at 268.7° at 760 mm., at

200° at 100 mm., and at 149° at 11 mm. Other physical constants

for this acid are: 0.8858, nf) 1.42855, and tid ® 1.4201. It is

veiy slightly soluble in water and easily soluble in ethanol, ether,

and in most organic solvents.

The naturally occurring oils and fats, such as coconut oil and
palm kernel oil, offer the best sources of capric acid. The add has,

however, been synthesized by a number of methods, several of

which may be conveniently employed for its preparation. The
oxidation of 1-decanol with potassium permanganate and sulfuric

acid,^®* or with silver oxide,^®® results in substantial yields of capric

acid. The acid may be prepared from 1-nonanol by conversion

to the iodide and thence to the cyanide, which is then hydrolyzed

with alcoholic potassium hydroxide.^®® Among the earlier methods

employed for the preparation of capric add is that proposed by
Krafft,®^'®® which consists of the degradation of higher adds by
their conversion to methyl ketones followed by oxidation of these

ketones to the lower acids. Capric acid has been prepared from

methyl decyl ketone by this method.^®® Houben ^®* has studied

the preparation of capric acid by the rearrangement of methyl

nonyl ketoxime to N-methylcapramide, followed by hydrolysis of

the amide to capric acid. Rochussen ®® has prepared the add by
the fusion Of 2-bromolauric acid with potassium hyckroxide at 300°,

and recently Kao and Ma have reported a good yield of capric

add by heating 2-dodecenoic acid with potassium hydroxide and a
small amount of water at 300°.
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Capric acid occurs in various vegetable oils, particularly coconut

oils and oils of the palm family. It is also foimd in the milk fats,

and is present in small quantities in a number of other fats of both

vegetable and animal origin. Other saturated acids, such as

caprylic and lauric, always accompany capric acid in the natural

glycerides. The presence of capric acid in coconut oil was first

established by Gorgey.® Many values have since been reported

for the capric acid content of this oil, but it appears that the

amount present roughly approximates that of caprylic acid.

Nobori has recently reported 8.05% of capric acid in coconut

oil; Elsdon foimd 10%; Lepkovsky reported 6.8%; Taylor

and Clarke,*^ 5.6%; and Bomer and Baumann failed to estab-

lish its presence in this oil. Armstrong, Allan, and Moore have

stated that the paring oil from African coconuts contains 2% of

capric acid and the kernel oil 4.5%. The fat of the milk of fresh

coconuts has recently been reported to contain 8.95% of capric

acid.*® The great range of values reported for the percentage of

capric acid in coconut oil is largely due to different methods of

isolation and analysis; however, it appears that the average value

for the capric acid content of coconut oil is approximately 9%.
Capric acid occurs in substantial quantities in many oils of the

palm family. Babassu fat *® has been reported to contain 2.7%
of this acid, cohune nut fat,^®® 6.5%, and palm kernel oil (Brazil),^*®

7.64%. Many of the lesser-known oils contain small quantities

of capric acid, its presence having been reported in grapefruit seed

oil,^.oil of lemongrass,^* and coffee bean fat.^®*

Although capric acid, hke caprylic acid, does not generally

constitute a major percentage of the fatty acids present in an oil,

several oils appear to be outstanding exceptions to this generalizar

tion, since elm seed oil has been reported by Pawlenko ^** and later

by Schuette and Lunde,^^® to contain 50% of this acid. The seed

oil of the California bay tree has been recognized as an excellent

source of capric acid, having been stated to contain 37%.
Several of the marine oils have been reported to contain capric

add, notably sperm-whale blubber oil,^^^ herring oil,^^* sardine oil,^®®

and the head oil of the sperm whale.^*®

Capric acid occurs in appreciable amounts in the milk fats, the

percentage present being somewhat greater than that bf caprylic

add. Dhingra ** found 8.6% in goat milk fat, 7.8% in sheep millr

fat, and 1.4% in camel milk fat, and Longenecker reported

2.7% in cow milk fat. It also occurs in the various butter fats in

amounts vaiying from a fraction of 1% to several per cent.
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Capric acid has been reported in various fusel oils by several

investigators,^ but the amount present is considerably less

than that of caprylic acid. Its occurrence has also been observed

in the various products formed by the putrefaction of proteins.®®

Undecanoic Acid

This acid was first described by Krafft,®* who prepared it by the

reduction of 10-undecenoic acid with red phosphorus and hydrogen

iodide.

Undecanoic acid is a low-melting, crystallme solid possessing a
rather pleasant odor which distinguishes it from the lower members
of the series. The acid melts at 28.5° and boils at 228° at 160 mm.,
212.5° at 100 mm., and 164° at 15 mm. Other physical constants

for this acid are: df® 0.9905, dt® 0.8889, and nj? 1.4203. Undecanoic

acid is very slightly soluble in water and is soluble in ethanol, ether,

acetone, and other organic solvents.

Undecanoic acid has been prepared by the reduction of 10-

undecenoic acid by red phosphorus and hydrogen iodide.®* It

can also be obtained by the catalytic hydrogenation of this acid.

10-Undecenoic acid is formed during the destructive distillation of

ricinoleic acid or its salts, a process which results in a mixture of

enanthaldehyde and 10-undecenoic acid. The first description

of the preparation of 10-undecenoic acid from this source was given

by Krafft ®* during his studies upon the pyrolysis of castor oil,

and the pyrolysis of ricinoleic acid has since been extensively

studied by Goldsobel.^^^ The decomposition of castor oil has

more recently been investigated in detail.^’'®’ ^^® In view of the

availability of the castor oil acids, 10-undecenoic acid offers an
excellent source of undecanoic acid.

Undecanoic acid has been prepared by the oxidation of methyl

undecyl ketone,** a reaction which results in a substantial yield

of this acid. Rochussen ®® has described the preparation of un-

decanoic acid by the fusion of 2-bromolauric add with potassium

hydroxide. Undecanoic acid has been prepared by the ozonoi3rsis

of gadoleic acid,^^ and it has also been identified as one of the

oxidation products of paraffin.^^® It can be prepared from capric

acid by reduction of this acid or its esters to 1-decanol, followed by
the conversion of this alcohol to 1-iododecane and thence to un-

decanenitrile, which is then hydrolyzed. Since undecanoic add
does not occur in the natural fats and oils, its availability is limited

to the various fivnthptic mpfli/vJs which can be employed for its
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Dodecanoic Acid (Lauric Acid)

Laurie acid was first described by Marsson * during an investigar

tion of the fatty acids of laurel kernel oil. It is the lowest molecular

weight add of the saturated series that is found abundantly in

nature and it constitutes a major proportion of the component

adds of several oils, particularly those of the palm family.

Lauric add is a crystaUine solid which possesses a faint, fatty

odor. It melts at 44^ and boils at 225^ at 100 mm., 176^ at 15

mm., and 141-142® at 0.7 mm. Other constants for lauric acid

are:“"''^* df 0.8690, 4® 0.8573, 1.4261, and nj? 1.4225. Lauric

add is very slightly soluble in boiling water and appredably solu-

ble in acetone, ethanol, and ether.

A number of methods have been proposed for the (^thesis of

lauric acid. However, since it can be readily obtained from those

oils in which it constitutes a major percentage of the mixed acids,

the various synthetic means are generally used for purposes of

identification rather than as a source of the acid. In order to

prepare lauric acid from such an oil, it is customary to fractionally

distil the add mixture obtained by saponification and acidification

of the oil, or to fractionate the methyl or ethyl esters. Alcoholysis

has frequently been employed as a means of separating lauric add
from Fractionation may be preceded by a sepa-

ration of lauric add and lower acids from the higher acids by means
of the solubilities of their lithium or magnesium salts in aqueous

ethanol.^®*

Lauric add may be prepared from undecanoic acid by conversion

to the alcohol and thence to the cyanide, which is then hydrolyzed.

Lutz ** has described the preparation of lauric acid from N-
dodecyl-N'-tridecanoylurea by means of the Hofmann degradation.

Vongerichten and Kohler ^®* have studied the preparation of lauric

add by the Beckmann rearrangement of the oxime of the keto acid

prepared from 6,7-dihydroxystearic acid. Rochussen ®® has pre-

pared lauric acid by the action of potassium hydroxide at 300® on

2-bromomyristic add. The reduction of 12-iodolauric acid to

lauric add by zinc and acetic acid has been described by Bou-

gault.^®* 12-Iodolauric add may be readily obtained from 10-

imdecenoic add.^®®

Lauric add constitutes approximately 50% of the component
adds of coconut oil and this oil has long been considered an exed-

lent source of lauric add. Elsdon ®® has reported the lauric add
content of coconut oil to be 45%; Lepkovsky •• has isolated 46.4%;
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Nobori'*® found 51.34%; and Taylor and Clarke®' reported

45%. • Armstrong, Allan, and Moore found 28.9% lauric add
in the oil of African coconut parings and 51.0% in the kernel oil.

The fat from the milk of fresh coconuts has been reported to con-

tain 55.06% of this add.®® Many seed oils of the palm family

contain large amounts of lauric add. For example, babassu fat ®®

contains 45.8%, dika fat 58.6%, palmiche nut oil (Cuban)

32.0%, and palm kernel oil 52%. Lauric add has frequently

been observed in a number of the lesseivknown oils, such as the

fat of the Virginia creeper,^®® pine needle wax,^®® pear seed oil,^®'

and oil of niger seed.^®® The acid is also foimd in small quantities

in several of the animal depot fats, among which may be men-
tioned horse fat,^®® goat fat,^®^ and the fat of human subcutaneous

tissue.^®® The animal milk fats contain lauric add in assodation

with other saturated acids, the amount generally being somewhat

less than that of capric acid and appredably less than that of myris-

tic or palmitic acid. Lauric acid is also present in butter fats, the

percentage varying with the source of the fat.

Some marine oils^®® contain small amounts of lauric add;
however, in several of the marine oils it apparently constitutes a

major component. Toyama^®' first reported the presence of

lauric add in the head oil of the sperm whale. Hilditch and
Lovem^'^ stated later that the amount is 16%, and recently

Tsujimoto and Koyanagi^®* have, observed that the lauric add
is present in this oil as cetyl laurate. Its presence has also been

established in Japanese sardine oil ^®® (1.6%) and in the fat of

marine algae ^®® (0.3%). The presence of lauric acid has also

been reported in various fusel oils.'®*^®*

Tridecanoic Acid

Tridecanoic acid was first prepared by Krafft ** by the oxidation

of methyl tridecyl ketone. The acid is a low-melting, crystalline

solid which possesses a faint, rather pleasant odor. It melts at

44.5® and boils at 236® at 100 mm. The refractive index of tri-

decanoic acid is nj? 1.4249.^'® The acid is insoluble in water and
soluble in ethanol, acetone, ether, and other organic solvents.

,A number of methods have been used for the preparation of

tridecanoic acid from both its lower and its higher homologs. One
of the better procedures is the hydrolysis of tridecanenitrile, which

can be prepared from lauric add. Ruzicka, Stoll, and Schinz ®®®

have described the preparation of 1-bromododecane, from which
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tridecanenitrile can be readily synthesized. Reid, Ruhoff, and

Burnett have recently suggested some modifications of the

original procedure. 1-Dodecanol, the alcohol used for the prepara-

tion of 1-bromododecane, can be obtained by the reduction of

ethyl laurate with sodium and ethanol, or by the catalytic

hydrogenation of ethyl laurate or lauric

The synthesis of tridecanoic acid by the oxidation of 1-tridecanol

with potassium permanganate in aqueous acetone has been

described by Le Sueur, and Blau has also studied the oxidation

of this alcohol with potassium dichromate and concentrated sul-

furic add. Tridecanoic acid has been prepared from m3rristic acid

by conversion of the latter to 2-bromomyristic acid and thence to

2-hydrox3miyristic add, which is then oxidized to tridecanoic acid

with potassium permanganate.®® This procedure was later studied

and somewhat modified by Levene and West.^®® The preparation

of tridecanoic acid from 1-iodoundecane by the malonic acid

synthesis has been described,^®® and Robinson ®^® has studied its

formation by the reaction between 1-iodoundecane and ethyl

(^anoacetate. Tridecanoic acid results from the oxidation of

methyl tridecyl ketone with potassium dichromate and sulfuric

add.®® Lutz ®^ has studied the formation of tridecanoic acid by the

Hofmann reaction, and has also synthesized this acid by saponi-

fication of the nitrile obtained by the action of excess bromine in

alkaline solution on N-tridecyl-N'-tetradecanoylurea. He also

studied the saponification of N-dodecyl-N'-tridecanoylurea to

dodecylamine and potassium tridecanoate. Fischer and Schnei-

der®^^ have stated that tridecanoic acid is among the products

resulting from the oxidation of paraffin.

Tridecanoic acid is not present in the natural oils, fats, and

waxes. A saturated add, which was termed “Cocinsaure,” was
formerly stated to occur in natural products; however, Krafft ®®

proved this add to be a mixture and not a chemical individual.

Tetradecanoic Acid (Myristic Acid)

Myristic add was first isolated by Playfair ^ in the course of an

investigation of the fatty acids of nutmeg fat. The acid is foimd

widdy distributed in the animal and vegetable fats and forms a

major component of the fatty adds of the Myristicaceae and the

seed fats of the palm family.

Myristic acid is an odorless, crystalline solid which possesses a
somewhat waxy feel. It melts at 54.4°,®^® a value which is higher
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than that previously reported by Krafft,’’ 53.5°, but is considerably

lower than that observed by Levene and West,*®* 58.0°. The add
boils at 250.5° at 100 mm. and at 199° at 16 mm. Other physical

constants for myristic acid are: 0.8622, 0.8533, and riS

1.4273.^*^ M3rristic acid is insoluble in water, soluble in ethanol

to the extent of 44 g. in 100 cc., and soluble in ether, acetone,

glacial acetic acid, and chloroform.

Myristic acid has been prepared synthetically from both its

higher and its lower homologs. Since it is present as the prindpal

saturated acid in several of the well-known oils, particularly

ucuhuba tallow and dika nut oil, and to a smaller extent in coconut

oil, it is generally obtained from such sources rather than by
synthetic procedures. Marasse*^* and later Bodenstein pre-

pared myristic acid by the fusion of stearolic add with potassium

hydroxide. Brown and Farmer*^* have recently described its

synthesis by the oxidation of 4-ketostearic add with chromium
trioxide.

Myristic acid is the principal acid in many of the nut oils of the

MyristiccLceae. Steger and van Loon foimd 66.6% in ucuhuba

nut fat, and Ramos and de Nascimento reported this fat to

contain 73% of myristic acid. Other fats of this family possess

large amounts of myristic acid; for example, nutmeg fat contains

76.7% *^* and otobo nut fat, 73.4%.*^® The preparation of myristic

acid from nutmeg butter has been described by Verkade and
Coops.**® Many of the other seed fats have been observed to have

large amounts of this acid. For example, dika fat has been re-

ported ^** to contain 50.6% of myristic acid, jaboty kernel oil,

28%,**^ and Khakan kernel oil, 52.9%.*** Myristic acid is always

accompanied by smaller amounts of other saturated acids in those

seed oils in which it constitutes the principal acid. The prepara-

tion of myristic acid from bayberry wax has recently been de-

scribed.*** Myristic acid also occurs in appreciable amounts in

those oils which contain lauric acid as the principal component

acid, for example, palm kernel oil and babassu fat. Elsdon ®* has

reported 20% of myristic acid in coconut oil, Taylor and Clarke ^

and Lepkovsky *® found 18%, and more recently Nobori ^*® re-

ported 13.06%. Armstrong, Allan, and Moore have found

22.0% in the paring oil of African coconuts and 18.5% in the kemd
oil. Hilditch and Vidyarthi ^** have stated that cohune nut fat

contains 16% myristic acid and palm kernel oil ^** has been re-

ported to contain 15% of this acid.
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Myiistic acid has also been observed to be a minor component

ci many vegetable oils, such as cottonseed oil,^^ rice bean oil,^*^

olive oil,“® mustard seed oilj^^ tobacco seed oil,“® poke root oil,“®

black walnut oil,®*® and Brazil nut oil.®”

A number of animal depot fats have been found to contain small

amounts of myiistic acid. Among the depot fats in which this

add has been observed are goat fat,^®* horse fat,^®* rat fat,®*®*®**

duck fat,®*^ and mink fat,®** as well as in the phosphatides of beef

suprarenals.®**

The percentage of myristic acid in the animal milk fats is gen-

erally greater than that of any other saturated fatty acid with the

exception of palmitic acid.*®*®**®*»^*^*^***®*^ Myristic add is also

present in appredable amoimts in the various butter fats.®**

The marine oils frequently contain small quantities of myristic

add, and in a few of these oils it appears to be present in rather

appredable amoimts.®*®*®*® Small percentages of myristic acid

have also been isolated from shark liver oil,®”*®*® and it is present in

whale oil to the extent of from 4 to 5%.®***®** Hilditch and
Lovem^” have reported 14% of myristic acid in sperm-whale

blubber oil, and Bonnevie-Svendsen ®** has found 10.8% present

in a hydrogenated whale oil. It has been reported to be the princi-

pal saturated acid of herring oil,®***®*^ to be present in eel oil,®**

and to constitute 9.2% of the fatty acids of menhaden oil.^*®

Myristic add occurs in appreciable amounts in the head oil of the

sperm whale.^^^ Its presence in whale oil may be partially ascribed

to its occurrence in the fats of marine algae, in certain specimens

of which it has been foimd to constitute as much as 9.2% of the

fatty acids.^®®*^®® Myristic acid has also been observed to be

present in wool grease various egg oils.***®*^

Pentadecanoic Acid

Since pentadecanoic acid does not occur in the natural fats and
oils, our knowledge of it is confined to the properties of the syn-

thetic acid and to the various methods which have been used for

its preparation. The add was first prepared by Krafft ** by the

oxidation of methyl pentadecyl ketone, and since this time it has

been obtained by a variety of procedures most of which involve

dtiier its synthesis from a lower add or the degradation of a higher

add.

Pentadecanoic add is an odorless, crystalline solid with a some-
what waxy texture. Francis, Piper, and Malkin ** reported the
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mdting point to be 52.1°, which is somewhat higher than the

value of 51° found by Krafft *• but lower than that observed by
Levene and West.*^* The acid boils at 257° at 100 mm., and its

refractive index and density are no 1.4339 and dj® 0.8423. It

is insoluble in water and easily soluble in ether, ethanol, chloro-

form, benzene, and petroleum ether.

Pentadecanoic acid has been prepared by heating 1-pentadecanol

with a mixture of potassium and caldum oxides at 250°,^^ and

by oxidizing this alcohol with potassium permanganate.^^ Its

preparation by the oxidation of cetene with aqueous potassium

permanganate has been described by Landa.^^’ The oxidation of

methyl pentadecyl ketone with potassium dichromate and sulfuric

acid has been studied by Krafft.^’ Pentadecanoic acid has been

prepared from palmitic acid by conversion of the latter to 2-

hydroxypalmitic acid and oxidation of this acid by means of

potassium permanganate in acetone.®® The hydrolysis of penta-

decanenitrile with five parts of concentrated hydrochloric acid at

150° for three hours results in its conversion to pentadecanoic

acid.®®^ The synthesis of pentadecanoic acid from m3rristic add
has recently been described by Krewson,®®® who reduced butyl

myristate to 1-tetradecanol and then converted it to the nitrile

through the bromide. The pentadecanenitrile was then hydrolyzed

to the corresponding add. Fischer and Schneider have stated

that pentadecanoic acid is present in the products formed by the

oxidation of paraffin.

Although it is believed that pentadecanoic acid does not occur

in natural products, several investigators have reported the pres-

ence of this acid or its isomers. Hinsberg and Roos®®® have

observed a pentadecylic acid in the saponification products of

yeast fat; Abraham and Hilditch ®®® have stated that a pentadecylic

acid is present in wool grease; and Dieterle, Haubold, and Meyer ®®’^

have reported its presence in the fat of the bark of Xanthoxylum

carolinianum,

Hexadecanoic Acid (Palmitic Acid)

Palmitic acid occurs more abundantly than any of the other

acids of the saturated series and is present in essentially all the oils

and fats of animal, vegetable, or marine origin. It constitutes the

principal add in a large number of fats. The add was isolated in

1816 by Chevreul, who termed it “margaric add.” This add was
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subsequently shown to be identical with palmitic acid isolated

from palm oil by Fr&ny.®

Palmitic acid is an odorless, waxy, crystalline solid which melts

to an oily liquid at 62.85°.^® Other melting points which have

been reported for palmitic acid are: 62.62°,^®® 62.6°,^®® 62.50®

,

2*®

63.10®,^ and 62.67®.^®! The acid boils at 268.0® at 100 mm., at

219® at 20 mm., and at 139® at 1 mm.^®® Other constants for

palmitic acid are: 0.8527 (liquid), dl® 0 8487, 0.8465,

df 0.8347, 1.4339, nj? 1.4303, 1.4284,2®^ and 1.42691.2®®

Palmitic acid is insoluble in water, sparingly soluble in cold

ethanol, soluble in hot ethanol and in ether, and sparingly soluble

in petroleum ether. Ruttan ®® determined its solubility in ethanol

to be as follows: 1.449 g. dissolve in 100 g. ethanol at 0®, 3 087 g.

at 7.4®, 7.523 g. at 16.2®, 15.577 g. at 24.6®, 29.879 g. at 28 8®,

and 81.110 g. at 36.8®.

Palmitic acid can easily be obtained from many of the fats

and waxes in which it occurs. Its preparation from Japan wax
has been described by Krafft,2®^ from Chinese vegetable tallow

(Sttlhngia) by Dubovitz,2®® and from bayberry wax by Sauer,

Hain, and Boutwell.22® Hell and Jordanoff2®® have studied the

preparation of palmitic acid from palm oil and have stated that

the yield was not so high as that obtained from Japan wax.

Palmitic acid can be prepared synthetically by the hydrolysis

of hexadecanenitrile, by the oxidation of l-hexadecanol,2®7 or by
any of the methods generally applicable to the preparation of

acids of the saturated series. Such methods, however, are not

frequently employed as a source of palmitic acid, because of the

ease with which it can be obtained from natural products.

Palmitic acid occurs as a major component in many of the

vegetable oils and particularly in the fruit fats, in some of which

it is present to the extent of 70% of the fatty acids. It has been

reported to occur in palm oils to the extent of from 30 to
43%,2®®'2fi» and in palm kernel oils from 7 to 9%.^®®*^®® Japan wax
consists principally of palmitin and free palmitic acid,^®® Tsuji-

moto27® having reported the palmitic acid content to be 77%.
It occurs in large amounts in Stilhngia tallow,27i and is the chief

saturated acid of chrysalis oil.®^'®^^ Palmitic acid occurs in coconut

cnl together with other saturated acids, the amount being con-

siderably less than that of myristic acid. Elsdon ®® reported 7%
of palmitic acid in coconut oil and Lepkovsky ®® found 9%. The
percentage of palmitic acid has been determined in a large number



HEXADECANOIC ACID 37

of vegetable oils, fats, and waxes, some of the results being as

follows: babassu fat,®® 6.9%; Brai^ nut oil,®^^ 13.55%; beechnut

oil,®^® 4.88%; oil of niger see^,^®® 8.4%; kapok seed oil,®^* 10.2%;

poke root oil,®®® 8.63%; oat oil,®^ 9.45%; ucuhuba fat,®^® 8.4%;

com oil,®^® 7.7%; cohune nut fat,^®^ 9.5%; avocado oil,®*® 6.9%;

tomato seed oil,®*^ 12.47%; tobacco seed oil,®*® 3.1%; pumpkin

seed oil,®*® 6.2%; grape seed oil,®** 6.17%; cofiFee bean oil,®*®'®**

20.17% and 28-29%; cashew kernel oil,®*^ 6.4%; fat of wheat

starch,®** 35%; and cottonseed oil,®*® 20.04%. Palmitic acid has

been found to comprise 60% of the fatty acids of the oil of the

blessed thistle.®®® The presence of palmitic acid has also been

reported in many of the floral waxes,®®^ and in a large number of

the essential oils, such as parsley seed oil,®®® oil of slash-pine tips,®®*

and oil of sweet orange.^®®

Several of the bacterial waxes contain palmitic acid,*®'®®*'®®®-®®*

and it has also been isolated in large quantities from many of the

insect waxes. It is present in beeswax as cetyl palmitate ®®^ and

melissyl palmitate.®®*

Palmitic acid is found in appreciable amounts in all the animal

fats, where in most cases it is the chief saturated acid present.

It is the principal saturated acid of lard, the amount present vary-

ing somewhat with the source; ®®® it is also the chief saturated add
of beef tallow,*®® and its presence in substantial amounts has been

reported in various other animal depot fats, such as rat body fat,®**

horse fat,^®** *®^ goose fat,*®® goat fat,^®* pig liver fat,*®* mink fat,®*®

alligator fat,*®* and many others. Palmitic acid has been stated

to comprise 10% of the fatty acids of ox blood.*®® Palmitic acid

is the chief saturated acid of the animal milk fats, the amount
usually being from 20 to 30% of the mixed fatty acids. Arnold ®*^

has observed that the palmitic acid in human milk fat varies from

25 to 35%. It also occurs in the various butter fats in substantial

amounts.

Palmitic acid is an important component of most of the marine

oils and has been reported to be the principal saturated acid of

whale oil,*®* constituting approximately 5% of the fatty acids

present.®** It comprises 20% of the fatty acids of hydrogenated

herring oil and 17.4% of the fatty acids of hydrogenated sardine

oil.*®^ It is present in large percentages in the various fish liver

oils,*®*-*®® Ueno and Ikuta *^® reporting that it comprises 60% of

the fatty acids of blue shark liver oil. The fats of the various

marine algae contain appreciable amounts of palmitic acid,*”'*^®**^*
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Lovem reporting 7.3% in the fat of a certain marine alga. This

acid has been reported in various egg oils such as shark egg oil,’^

hen egg yolk oil,*“'*^* and several other egg oils which have been

examined.’^ It has been observed in certain fusel oils,^^^ and has

been isolated from several petroleum distillates.’^^

IsoPALMiTic Acid

An isopalmitic acid which melts at 57-58^ has been isolated

from shark egg oil ” and also from the egg oil of Bombyx
This acid was formerly reported by Suzuki to be present in

substantial quantities in egg yolk oil. An isopalmitic add has

also been reported in Japanese chrysalis oil,®^ but the later work
by Ueno and Ikuta has cast considerable doubt upon this

observation. There is appreciable evidence to support the belief

that isopalmitic acids are present in wool wax;’’®*’^’ however,

proof of the identity of these acids requires further confirmation.

Heptadecanoic Acid (Margaric Acid, Daturic Acid)

Heptadecanoic add does not occur in the natural fats and oils,

although its presence has often been reported, and it has been

only within recent years that such names as margaric add and
daturic acid have ceased to be the subjects of scientific contro-

versies. All the naturally occurring heptadecanoic acids which

have been described and subsequently investigated have been

shown to consist of mixtures of palmitic and stearic acids. Because

of the frequent mutual occurrence of palmitic and stearic acids in

fats, and since they are often the chief saturated acids, it is not

surprising that a mixture of them has frequently been identified

as a pure compound.

Heptadecanoic acid is a waxy, crystalline solid which melts to

an oily, odorless liquid at 61.3°.’^’ Other physical constants for

heptadecanoic acid are: 0.8579, 0.8396, and 1.4319.^^*

The acid is insoluble in water and soluble in ethanol, ether, and
glacial acetic acid. Its solubility in ethanol is as follows: 1.15 g.

dissolve in 100 g. of ethanol at 0^, 2.42 g. at 5.4°, 4.0 g. at 10°,

6.72 g. at 15°, 13.4 g. at 21°, and 32.14 g. at 28°.’»

Heptadecanoic acid was first synthesized by Heintz,’»"* who
started with ethanol and finally prepared heptadecanoic acid

stepwise by the cyanide method. KraSt ” remarked that the

procedure used by Heintz owed its final success more to the

perseverance of the author than to the method itself. Le Sueur
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has prepared heptadecanoic acid by the oxidation of the corre-

sponding aldehyde with potassium permanganate. The oxidation

of 2-hydroxystearic acid by potassium permanganate produces

heptadecanoic acid.^* The acid has also been obtained by Rut-

tan from the action of carbon dioxide on hexadecylmagnesium

iodide. Heptadecanoic acid is produced by the reaction of silver

stearate and iodine followed by saponification of the resulting

heptadecyl stearate and oxidation of the l-heptadecanol.“® The
preparation of heptadecanoic acid from palmitic acid by the

cyanide method has been described by Levene and Taylor.^

This latter method is frequently employed for its preparation and
is, perhaps, the most satisfactory procedure.

The term “margaric acid’’ was first employed by Chevreul in

1816 to describe an acid isolated from pork fat. Heintz was

imable to obtain heptadecanoic acid from this source and found

that Chevreul’s margaric acid was identical with palmitic acid

previously isolated by Fr4my.® The name “margaric acid” was

then dropped from the literature. However, in 1890 Gerard

isolated an acid from datura oil, to which he gave the name daturic

acid, which appeared to be heptadecanoic acid. In defining

daturic acid in Wurtz’ Chemical Dictionary, Amaud described

it as a mixture of palmitic and stearic acids, which prompted

G4rard to repeat his work upon datura oil. G6rard then stated

that a daturic acid melting at 54 5^ vras isolated from datura oil,

and that this acid was not a mixture of palmitic and stearic acids

but a chemical individual. In the meantime, Noerdlinger

stated that daturic acid was present in palm oil, and later Holde

and Strange reported a daturic acid in olive oil and Kreis and

Hafner found a heptadecanoic acid melting at 55.5-56.5° in

lard. Holde then reexamined the acid found in olive oil and

reported that it was a mixture of palmitic and stearic acids. He
further stated that, in his opinion, the acids isolated by Gerard,

Noerdlinger, and Kreis and Hafner were also mixtures. Bomer
and Limprich later showed that heptadecanoic acid does not

occur in lard. Meyer and Beer isolated a daturic acid melting

at 55.5° from datura oil and reaffirmed the presence of this acid

in natural products, but the more recent work of Walden,®*®

Verkade and Coops,®*^ and Manjunath and Siddappa ®*® has

shown the reported daturic acid in this oil to be a mixture. Kli-

mont and Mayer ®®® have isolated an acid melting at 57.5-58°from

goose fat which they claimed to be heptadecanoic acid, but Bomer
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and Merten have stated that this acid is not found in goose fat.

Heptadecanoic acid has been reported to occur in fish oils,*^ and

Marcelet has given the name '^dorosomic acid” to an acid

isolated from this source. Heptadecanoic acid has also been

reported in Gedda waXj^*®* in lumbang oil,®*^ in poke root fat

and in alfalfa seed oil.*** Recently, Schuette and Vogel **® have

shown that heptadecanoic acid is not present in alfalfa seed oil.

In spite of the fact that some of the arguments for the existence

of heptadecanoic acid in natural products have not as yet been

refuted, it is reasonably safe to conclude that this acid is notpresent

in the naturally occurring fats and oils.

OCTADBCANOIC AciD (StEARIC AcID)

Stearic acid was discovered by Chevreul in 1816 during his

investigation of the fatty acids of mutton tallow. Although it

does not occur as abundantly in nature as its next lower homolog,

palmitic acid, it is generally referred to as the ''characteristic fatty

acid.” It occurs as the principal saturated acid in comparatively

few fats. However, it is found quite widely distributed in the

animal and vegetable fats, and its ease of preparation by the

reduction of its numerous unsaturated counterparts makes it

perhaps the best known and most important of the acids of the

saturated series.

Stearic acid is a waxy solid which can be crystallized, usually

in the form of leaflets, from a number of organic solvents. It

melts to an oily liquid at 69.6®.*^***^® A number of somewhat
lower values for the melting point of this acid have been reported,

such as 69.4-69.5°,*^! 69.32°,*** 69.4°, 69.3°,*** and 69.45°.«

Several higher values have also been observed, for example, 70.1°,^

70.5-71.5°,^ and 70.5°.*** The highest melting point recorded is

that ^ven by Saytzeff, 71-71.5°.*^* Stearic acid boils at 291° at

100 mm., at 238° at 17 mm., at 232° at 15 mm., and at 158-160°

at 0.25 mm. Other physical constants for stearic acid are: dj®

0.9408, 0.8454 Giquid), df 0.8386, rUS 1.4332, and 1.4300.

Stearic acid is quite insoluble in water, a saturated solution having

been foimd to contain 1.2 X 10”® mole per liter at 37°.*^* The
solubility of stearic acid in ethanol at various temperatures is

as follows: *® 0.393 g. dissolves in 100 g. ethanol at 0°, 0.770 g. at

7.4°, 1.832 g. at 16.2°, 4.073 g. at 24.6°, 5.971 g. at 28.8°, and 22.51

g. at 38.6°. Its solubilities in 95.7, 95.5, 95.1, 94.5, and 94.3%
ethanol at 0° have been found to be: 0.1246, 0.1223, 0.1139,
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0.1035, and 0.0996 g. per 100 cc.*^ The solubility of stearic acid

in 91.53% ethanol in grams per hundred grams of solution is

0.113 g. at 0°, 0.396 g. at 10®, and 1.803 g. at 25®; in 86.16%
ethanol, 0.061 g. at 0®, 0.232 g. at 10®, and 1.014 g. at 25®; and in

63.07% ethanol, 0.031 g. at 10® and 0.087 g. at 25®.»^® ®^« It is

easily soluble in ether, soluble in benzene and carbon disulfide,

and slightly soluble in petroleum ether.

Stearic acid can be obtained from any of the glycerides in which

it occurs; however, because of the diflSculty of completely separat-

ing it from palmitic acid, it is generally prepared by reduction of

the more easily purified unsaturated acids, such as oleic acid,

linoleic acid, and elaidic acid. Many S3mthetic methods have been

proposed for the preparation of stearic acid, a number of which are

of academic interest only. Stearic acid has been produced from

cetyl iodide and malonic acid by the malonic acid synthesis,

or by heating cetylacetoacetic ester with concentrated alcoholic

potassium hydroxide.®^® Wilde and Reychler have reported

a 70% yield of stearic acid when oleic acid was heated with 1%
of iodine at 270-280®. The synthesis of stearic acid by the reduc-

tion of 10-iodostearic acid with zinc and hydrochloric acid in

ethanol solution has been described.®®® The reduction of oleic or

elaidic acid with hydrogen iodide and red phosphorus at 200® gives

stearic acid,®®^ as does the catalytic reduction of these acids in the

presence of nickel,®®® copper,®®®*®®^ or colloidal palladium.®®® The
preparation of stearic acid by the reduction of dihydroxystearic

acid,®®®*®®^ iodoelaidic acid,®®* and of ricinoleic acid®®* has also

been reported. The electrolytic reduction of oleic acid to stearic

acid has been the subject of several investigations.®®®-®®^*®®® The
catalytic hydrogenation of the octadecenoic acids or their alkyl

esters is one of the most satisfactory methods for the preparation

of pure stearic acid, owing mainly to the ease of purification of the

starting materials. Levene and Taylor ®® have studied the prepara-

tion of stearic acid by the hydrogenation of ethyl oleate, and

recently Kass and Keyser ®^ have described the preparation of

stearic acid, free from palmitic acid, by the hydrogenation of

purified elaidic acid, a-eleostearic acid, or jS-eleostearic acid.

Stearic acid can be obtained from several of the naturally occur-

nng glycerides in which it comprises the chief saturated acid. Its

preparation from cocoa butter,®®® and from Chinese tallow and shea

butter,®®® has been described.
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Stearic acid appears in all the animal body fats, the amount

depending upon the type of animal, its diet, and its environment.

With the exception of palmitic acid, it is the most prominent of

the saturated fatty acids in the animal fats. Hilditch and Longe-

necker have reported a stearic acid content varying from 21.0

to 26.6% in the several ox depot fats which they examined. The
amount present in the pig depot fats is quite variable and is

generally somewhat less than half that of the palmitic acid. The
percentage of stearic acid has been determined in a large number

of animal depot fats, examples of which are rat fat,*®® 4.0-6.2%;

mink fat,**® 26.7%; reindeer fat,*®® 20.5%; and goose fat,*®* 3.8%.

Stearic acid occurs in large amounts in the hydrogenated animal

fats, 73.3% having been found in hydrogenated lard, 64.5% in

hydrogenated tallow, and 60.7% in hydrogenated horse fat.*®""

The various animal milk fats contain stearic acid in amounts

ranging from approximately 5 to 15%.®®'®***®* It is also present

in the various butter fats in appreciable amounts.**®* *®®

The vegetable fats and oils generally contain stearic add in

small amoimts, varying from a fraction of 1% to approximately

10%; however, in a few of these fats stearic acid is present as a

major component. Shea butter,*’'® which contains 30 to 35% of

stearic add, and cocoa butter, *^^ which has been reported to con-

tain 34% of this acid, are examples of this latter type. Consider-

able work has been reported in the literature upon the stearic

acid content of vegetable oils, some of the results which have been

obtained being as follows: soybean oil,*^* 7%; com oil,*^® 3.5%;
cottonseed oil,**^ 2%; peanut oil,*^* 6.2 and 4.9%; coconut oil,®®

1%; sesame oil,*^® 4.6%; palm kernel oil,^** 2.5%; barley fat,*’^®

2.6%; tomato seed oil,*®^ 6.89%; rubber seed oil,*^® 9.1%; chrysalis

oil,*^* 4%; kapok seed oil,*^® 8.4%; black w^nut oil,**® 1.8%;
hazelnut oil,**^ 1.59%; beechnut oil,*^® 3.45%; cantaloupe seed

oil,*^ 4.6%; sunflower seed oil,*^* 2.9%; cashew kernel oil,**^

11.24%; cohune nut fat,^*® 3%; and oiticica fat,*^® 1.4%. Stearic

acid constitutes a major percentage of the fatty acids of hydro-

genated vegetable oils; for instance, hydrogenated cottonseed oil

has been reported to contain 76% of this acid.**®

Oils and fats of marine origin contain stearic acid only as a
minor component. Its presence has been reported in dolphin

oil,*^ herring oil,*®^**®* whale oil,*^*»*®® menhaden oil,*®* sardine oil,***

and in the various fish liver oils.**®-**® Stearic acid has also been

observed in the various marine algae fats.^®®* *“•*** The hydro-
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genated fish oils contain considerable amounts of stearic acid,

hydrogenated whale oil having been reported to contain 10.8%,

and hydrogenated sardine oil,*®^ 27.6%.

The presence of stearic acid has also been observed in several

bacterial waxes, such as the wax of B, leprae 2®® and the wax of the

tubercle bacillus.®®

Nonadecanoic Acid

Nonadecanoic acid is not found in the naturally occurring oils,

fats, or waxes. The acid has, however, been prepared synthetically

by several investigators and its properties have been reported. It

is a waxy, crystalline solid which melts to an oily liquid at 68.65°

and boils at 297-298° at 100 mm. The acid has been S3aithesized

by Schweizer ®®^ by heating nonadecanenitrile with alcoholic

potassium hydroxide. Levene and Taylor^® and Francis, Piper,

and Malkin ^ have also reported the preparation of the acid by
this method. The acid has been claimed to be one of the products

of the oxidation of paraffin.®^

An acid, stated to be isomeric with nonadecanoic acid, has been

reported to be present in the wax of the tubercle bacillus. The
acid was first isolated from this source by Anderson and Chargaff ®®

during the fractional distillation of the methyl esters of the liquid

saturated adds from this wax, and the name tuberculostearic acid

was employed, since it was considered to be isomeric with stearic

add. Sometime later a similar acid w’as isolated from bovine

tubercular wax®®^ and from the w’ax of the leprosy bacillus.^®

Tuberculostearic acid is a liquid at ordinary temperatures, melting

at 10-11°. Its density and refractive index have been reported

as 0.8771 and no 1.4512. The work of Spielman ®®* has indi-

cated this acid to be 10-methylstearic acid, and consequently it

should be considered as an isomer of nonadecanoic acid. The
fact that S3mthetic 10-methylstearic acid melts ten degrees higher

than the naturally occurring tuberculostearic acid casts some doubt
upon the actual structure of the acid.

Eicosanoic Acid (Arachidic Acid)

Arachidic acid was discovered in 1854 by Gosmann,*® who con-

sidered it to be eicosanoic acid. The presence of arachidic acid

in the natural products, and its normal structure, w^ere accepted

for seventy years, after which time certain questions arose concern-

ing its identity. These questions have only recently been answered.
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Eicosanoic add is a waxy solid which melts at 75.35^ to a

liquid whose constants are: 0.8240 and nj)® 1.4260.^® The acid

boils at 203-205° at 1 mm. It is sparingly soluble in cold ethanol,

0.022 part dissolving in 100 parts of 90% ethanol at 15°, and 0.045

part at 20°. It is readily soluble in chloroform, ether, and benzene.

A number of procedures have been employed for the synthesis

of eicosanoic acid. Schweizer prepared the acid by heating

octadecylacetoacetic ester with potassium hydroxide, and a similar

treatment of brassidic acid *** or erucic acid has been reported

to result in substantial yields of eicosanoic acid. The acid has

also been prepared by the action of fuming nitric acid upon
behenolic acid.®*^ The hydrolysis of eicosanenitrile ^ is one of

the most satisfactory procedures for the synthesis of eicosanoic

acid. The preparation of this acid by the malonic acid synthesis

has been described by Adam and Dyer ®“ and also by Bleyberg

and Ulrich.^® The procedure followed in this synthesis is to reduce

stearic acid or its esters to 1-octadecanol, convert this alcohol to

l-iodooctadecane and then to octadecylmalonic acid. Eicosanoic

acid results from the pyrolysis of the octadecylmalonic acid.

Eicosanoic acid is found widely distributed in nature, although

the amount present in any specific fat or oil is small, generally of

the order of 1%. In a few of the fats it occurs to the extent of

several per cent of the mixed acids, and in rare instances it consti-

tutes a major component. Examples of the latter type are:

rambutan tallow, in which Morgan and Holmes ®®® have found

20.6% and Hilditch and Stainsby ®®^ have reported 34.7%; pulasan

tallow, which the latter authors have found to contain 22.3% of

arachidic acid; and macassar nut fat, from which Dhingra, Hil-

ditch, and Vickery ®®® have isolated 22.6%.

The vegetable oils generally contain less than 1% of eicosanoic

acid. Baughman and Jamieson ®®® have reported 0.6% of arachidic

acid in sunflower seed oil, 0.7% in soybean oil, 0.4% in com oil,

and 0.58% in cottonseed oil. Rubber seed oil ®’^ has been found

to contain 0.3% of eicosanoic acid; rice oil,®®^ 0.5%; and olive oil,®®*

0.2% Eicosanoic acid occurs in somewhat larger amounts in a

few of the vegetable oils. Coffee bean oil contains 2.11% of eico-

sanoic acid, poke root oil 5.91%, and peanut oils ®^® from 3 to

4%.
Arachidic acid has been observed in small amounts in the various

animal depot fats and also in the milk fats. Bosworth ®®® has

reported 0.8% in human milk fat.
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The various fish oils contain arachidic acid, its presence having

been reported in sardine oil,^®® whale oil,^*®* and shark liver

oil.241* Certain hydrogenated oils, particularly hydrogenated fish

oils such as menhaden oil,^^^ whale oil,^"^ and sardine oil,^^ contain

appreciable amounts of arachidic acid. Ueno and Matsuda
found 28% of arachidic acid in hydrogenated herring oil and 23%
in hydrogenated cod liver oil. Hydrogenated cottonseed oil has

been reported to contain 7% of this acid.^®*

It was accepted without question for a number of years that

the arachidic acid obtained from peanut oil and from other oils

and fats was eicosanoic acid. Gosmann assumed the naturally

occurring acid to be eicosanoic acid, and Caldwdl and later

Tassinari likewise stated that arachidic acid and eicosanoic acid

are similar. Their identity appeared to be completely established

when Schweizer compared arachidic acid with synthetic eico-

sanoic acid. Further confirmation was given at a much later date

by Cohen, who stated that the arachidic acid isolated from

peanut oil was actually eicosanoic acid. However, three years

earlier Ehrenstein and Stuewer had claimed that the arachidic

acid from peanut oil was not eicosanoic acid, but an isobehenic acid.

Many investigators believed that arachidic and eicosanoic acids

were not identical, owing to the much lower melting point of the

acid obtained from peanut oil. Since arachidic acid is present in

large amounts in ramtmtan tallow, and consequently is easily

separated and purified, Ehrenstein and Stuewer and others con-

sidered the arachidic acid from this source to be eicosanoic acid.

Morgan and his collaborators 3®3,407 confirmed the presence

of eicosanoic acid in rambutan tallow, but questioned its existence

in peanut oil. Kreiling had previously observed the presence of

higher acids in the arachidic acid obtained from peanut oil, and

this observation was confirmed by Holde and Godbole.^®* There

is little question, therefore, that some of the arachidic acids pre-

pared from peanut oil contained impurities. Holde and others

stated that the arachidic acid from peanut oil contained lignoceric

and higher acids and that, in their opinion, the acids of peanut oil

possess a normal structure. These authors, however, considered

the “arachidic^’ acid from peanut oil to be docosanoic acid. The
studies of Francis, Piper, and Malkin ^ upon the x-ray spacings

of the arachidic acid from peanut oil have called attention to the

fact that previous confusion regarding the structure of arachidic

add from this source has been brought about by the diflSiculty in
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separating pure eicosanoic acid from its higher homologs. The
x-ray investigation of Morgan and Holmes upon arachidic add
from peanut oil also indicated that the add under observation

was not a pure compound. Proof of the nonnal structure of

arachidic acid from peanut oil, and of its identity with eicosanoic

add, has been presented by Jantzen and Tiedcke, who fraction-

ated the methyl esters of the high molecular weight acids of peanut

oil and conclusively established the presence of eicosanoic add.

Heneicosanoic Acid

Hendcosanoic add is a waxy, crystalline solid which melts at

7430212 Levene and Taylor^ have reported the mdting point

to be 75-76®, and Francis, Piper, and Malkin,^ 76.2®.

Hendcosanoic acid was first synthesized by Le Sueur and

Withers"^ by the reduction of 13-ketoheneicosanoic acid with

amalgamated zinc and hydrochloric acid. The acid obtained by
these authors melted at 73-74®, and was reported to be readily

soluble in ether, chloroform, cold benzene, and hot ethyl acetate

or acetone. The 13-ketoheneicosanoic acid employed in this

s3mthesis was prepared from dihydroxybehenic acid according to a

method previously described.^* Fusion of dihydroxybehenic acid

with excess potassium hydroxide at 240-245® resulted in the fonnar

tion of 2-hydroxy-2-octyltetradecanedioic acid. The oxidation of

this dicarboxylic acid Avith potassium permanganate in aqueous

acetone gave a substantial yield of 13-ketoheneicosanoic acid.

Levene and Taylor ^ have reported the preparation of heneicos-

anoic acid from arachidic acid by the nitrile method, and Morgan
and Holmes"^ have synthesized this acid by the oxidation of

methyl heneicosyl ketone.

An add, stated to be heneicosanoic acid, has been isolated from

beef marrow by Eylerts,^® who gave it the name medullic acid.

Later, Mohr and also Thummel stated that medullic acid is

actually a mixture of palmitic and stearic adds. Much later,

Turin and Clewer isolated from Cluytia simihs an acid, termed

cluyrinic add, which melted at 69®, and stated that they con-

sidered this acid to be heneicosanoic acid. Morgan and Holmes

studied the x-ray spacings of cluytinic acid and stated that it is a

mixture of tetracosanoic and hexacosanoic acids. Two years later.

Frauds, Piper, and Malkin^ compared the x-ray spacings of

S3mthetic heneicosanoic acid with those of a sample of cluytinic

acid given to them by Tutin and stated that they were clearly not
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acid with selenium. Behenic add has also been obtained by the

catalytic hydrogenation of erucic acid, brassidic add, and trierucin

in the presence of metallic nickel.^ The electrolytic reduction of

erucic add to behenic acid by means of a platinum cathode has

been described.’^ Stohmann and Langbein have reported the

formation of behenic acid by heating erucic acid with iodine at

270®, followed by treatment of the reaction product with zinc and

hydrochloric acid. The reduction of iodobehenic acid with zinc

and hydrochloric acid has been studied by Talanzeff.^^

Behenic acid has been reported in small quantities in several

of the seed fats, such as rape oil,^*^*® peanut oil,^^^-^® mustard

seed oil,^ and rice bean oil It has been found in large amounts

in several hydrogenated oils such as jamba oil, mustard seed oil,

and rape oil, which have been reported to contain 50.8, 46.3, and

67.6%, respectively Behenic acid has been observed in small

amounts in human milk fat and in butter fats.^^* The marine

oils contain small amounts of behenic acid, its presence having

been reported in sardine oil,^®® whale oil,®®®*^® and shark liver

oils.^^®^®*^®® Hydrogenated herring oil has been found to contain

7% of behenic acid, hydrogenated sardine oil 18%, and hydro-

genated cod liver oil 13%.®®^ Behenic acid has also been reported

in montan wax and in the wax of slash pine.^®®

Tricosanoic Acid

Tricosanoic acid is not present in the naturally occurring fats

and waxes; however, it has been synthesized by several methods,

and its properties have been described. Various melting points

have been reported for the synthetic acid, probably the most

accurate of which is 79.1°, recently reported by Francis and

Piper.^^® At one time, the acid was thought to occur in the wax
of olive leaves,^*® and there has been some speculation as to its

presence in peanut oil.

Tricosanoic acid, melting at 80-81°, has been prepared by Levene
and Taylor^ by the hydrolysis of tricosanenitrile, which was
synthesized from behenic acid. Robinson^® has reported the

preparation of tricosanoic acid by the reduction of 13-ketotri-

cosanoic acid, the latter compound resulting from the condensation

of the sodium derivative of ethyl 2-acetylbrassylate with stearoyl

chloride. Its formation by the reduction of 13-ketotricosanoic acid

has been further studied by Ashton, Robinson, and Smith.'**®

Taylor and Levene ^*^ obtained tricosanoic acid, melting at
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76.5-77.6°, by the oxidation of 2-hy(iroxylignoceric acid with

potassium permanganate. Klenk has reported tricosanoic acid

to be the main product formed by the oxidation of cerebronic acid.

Tetracosanoic Acid (Lignoceric Acid)

Lignoceric acid was first described by Hell and Hermanns,

“

who isolated the acid from beech-tar paraffin. Later, Kreiling

observed the presence of a higher acid in the arachidic acid ob-

tained from peanut oil and obtained a small amount of lignoceric

acid which he believed to be similar to that previously found in

beech tar. These investigators considered lignoceric acid to be

identical with tetracosanoic acid. Later work indicated that the

lignoceric acids obtained from different sources did not have

similar melting points, and these observations, combined 'with

the failure of the .naturally occurring acids to agree in melting

point with the synthetic acid, cast doubt upon the normal structure

of lignoceric acid. It has now been conclusively established, how-

ever, that lignoceric acid is tetracosanoic acid.

Francis and Piper 212 reported the melting point of highly purified

tetracosanoic acid to be 84.15°, a value which is similar to that

formerly reported by Francis, Collins, and Piper, and somewhat

higher than those previously reported.^ The refractive index

of the liquid acid is ni?® 1 4287.^® The solubilities of tetracosanoic

acid in 91.53, 86.16, and 63.07% ethanol at 25° have been foimd

to be 0.182, 0.092, and 0.011 g. per 100 cc
,
respectively.®*®

Tetracosanoic acid can be prepared synthetically by a number
of methods. The hydrolysis of tetracosanenitrile results in an

essentially quantitative yield of the corresponding acid.*® Brigl *®®

has described the preparation of tetracosanoic acid by the de-

composition of docosylmalonic acid, a method which was em-

ployed at a later date by Bleyberg and Ulrich.*® The action of

ethyl acetoacetate and lauroyl chloride upon 11-bromoundecanoic

acid results in 13-ketotetracosanoic acid, from which tetracosanoic

acid can be prepared by the Clemmensen reduction.*®® Sullivan*®^

has reported the formation of tetracosanoic acid by the distillation

of rotten oak wood.

Lignoceric acid is found in many of the vegetable oils, particu-

larly the seed fats; however, the amount observed is generally quite

small. Com oil has been reported to contain 0.2% of lignoceric

acid, sunflower seed oil ®^* 0.4%, soybean oil **® 0.1%, sesame oil
®^*

0.04%, coffee bean oil ®*® 1.8%, black walnut oil ®®® 0.04%, mustard
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1.1%, and rape oil“^ 2.4%. Seed fats in general contain

only small percentages of lignoceric acid, although the fat of the

seeds of the deciduous tree Adenanthera pavontna offers an interest-

ing exception, having been reported to contain 25.5% of this acid.^^^

Ayyar^® has obtained from this source a 1.5% yield, based on

the weight of the seeds, of lignoceric acid melting at 80-81®.

The fish oils contain small amounts of lignoceric

It is also present in appreciable amounts in several hydrogenated

marine oils, since Ueno and Matsuda have reported 4.0% in

hydrogenated sardine oil and 6.0% in hydrogenated herring oil.

It has been observed in several of the animal oils, particularly in

the phosphatide fractions. Rosenheim and Maclean have noted

its presence in kidney fat, and Bosworth and Brown have

established its presence in butter fat. The fat of the mold Asper^

giUiLS niger contains 11.8% of lignoceric acid.^® iThe various insect

waxes such as Chinese wax and beeswax,^ the mineral waxes

such as montan wax,^*^ and the bacterial waxes®®* have been

reported to contain lignoceric acid.

The structure of the naturally occurring lignoceric acid has been

the subject of considerable disagreement. It was considered for

many years to be tetracosanoic acid. However, in 1913 Meyer
and others *** pointed out that the lignoceric acid isolated from

peanut oil or beechwood tar was not identical with synthetic

tetracosanoic acid, since it did not yield behenic acid upon acid

degradation. These authors concluded that naturally occurring

lignoceric acid possessed a branched chain of carbon atoms. In

the same year, Levene and West ^* had concluded from an exam-

ination of the hydrocarbon prepared from lignoceric acid that the

acid did possess a normal carbon chain. Later,®®* however, these

authors stated that a reexamination of the hydrocarbon prepared

from lignoceric acid and the normal hydrocarbon showed them to

differ and, consequently, that lignoceric acid did not contain a
straight chain of carbon atoms. An examination of the lignoceric

acid obtained from beechwood tar convinced Brigl and Fuchs

that two isomeric lignoceric acids were present and that one of

them was the normal acid, a statement which was challenged by
Levene, Taylor, and Haller.^* Somewhat later, Cohen *®* claimed

that the lignoceric add isolated from peanut oil was a straight-

chain acid. A comparison of the x-ray spacings of synthetic tetra-

cosanoic acid with the lignoceric acids obtained from peanut oil

and beechwood tar led Frands, Piper, and Malkin ** to state that
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lignoceric acid and tetracosanoic acid are identical, and that the

so-called isotetracosanoic acid is a mixture. This conclusion was
strengthened by a fractionation of the higher saturated acids of

peanut oil by Jantzen and Tiedcke,^^^ and later by Taylor.^®

Meanwhile, Holde and others isolated an acid from montan
wax which they considered to be tetracosanoic acid, and they

stated that the lignoceric acid from peanut oil was tetracosanoic

acid containing other acids as impurities.®® The question of the

normal structure of the lignoceric acids from various sources un-

doubtedly arose from the difficulty of obtaining a pure add from

the oils and fats in which it is present.

An isomeric lignoceric acid, camaubic acid, has been reported

to occur in several waxes. The acid derives its name from its

association with camauba wax, in which it was first observed by
Sturcke.**®® Darmstaedter and Lifschutz later claimed to have

isolated a similar acid from wool wax, and still later Rohmann^
reported it to be contained in coffee wax. It has also been obser\"ed

in the phosphatide fraction of kidney fat.**®® Rohmann ^®^ later

denied the existence of camaubic acid in wool wax; however,

Salomone ®^® has again reported its presence in this wax. It has

also been claimed that this acid has been isolated from cotton

wax ^®® and millet oil
^®®

Camaubic acid melts at 72.5® and is soluble in ether, acetone,

methanol, benzene, and hot ethanol. It is found associated with

the higher alcohols, ^vlth which it is undoubtedly combined as an

ester. It appears in millet oil as a triglyceride. The question as

to whether this acid is actually an isomeric lignoceric acid or merely

a difficultly separable acid mixture has not been satisfactorily

answered. On the basis of the data so far presented, one w^ould

certainly not be justified in assuming that camaubic acid is a

chemical individual.

Pentacosanoic Acid

Pentacosanoic acid is not found in the naturally occurring fats

or waxes. It has been reported to be contained in several of the

waxes and also in peanut oil, but a reexamination of such acids

has shown them to be mixtures of even-carbon acids and not

pentacosanoic acid as reported.

The melting point of highly purified pentacosanoic acid has

been found to be 83.0®.®^® This value is somewhat lower than

the melting point of 84-85® previously reported by Levene and
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Taylor,^ but is in fair agreement with the value of 82.8° observed

by Francis, Kper, and Malkin.^

Pentacosanoic acid has been prepared from lignoceric acid by
conversion of this acid to pentacosanenitrile, followed by hydrolysis

of this compound to the corresponding acid.^

Owing to the difficulty of separating the higher acids from fats

or waxes in which they occur in small amounts, it is not surprising

that acid mixtures have been considered, in several instances, to

be pentacosanoic acid. Gascard and Damoy and later Damoy
have reported the isolation of a pentacosanoic acid, melting at

77.8°, from beeswax, designating the acid as neocerotic acid, and

Holde and Bleyberg also claimed the presence of neocerotic acid

in this wax. Tropsch and Koch have stated that pentacosanoic

acid is present in montan wax, and Holde and others^®® have

claimed its isolation from peanut oil. Somewhat later, Holde,

Bleyberg, and Vohrer^®^ found that the reported pentacosanoic

acid of montan wax was a mixture of even acids, and Jantzen and

Tiedcke stated that they could find no evidence of the presence

of acids containing an odd number of carbon atoms in peanut oil.

Hexacosanoic Acid (Cerotic Acid)

Cerotic acid and its higher homologs occur principally in the

various animal, vegetable, and insect waxes as esters of the higher

fatty alcohols. They are found only in traces in the vegetable

fats. Owing to the difficulty of separating the higher aliphatic

acids from one another, considerable uncertainty has existed

regarding the identity and structure of cerotic acid. Many of the

cerotic acids described in the literature are actually acid mixtures,

and the failure of investigators to recognize them as such has

resulted in much speculation regarding the actual structure of

this acid. The weight of evidence certainly indicates that hexa-

cosanoic acid, to which the name cerotic acid can properly be

applied, is present in the natural waxes.

Hexacosanoic acid is a waxy solid which melts at 87.7°,^®*

giving an oily liquid of 0.8198 and 1.4301. The acid is

easily soluble in boiling methanol, ethanol, acetone, benzene, or

chloroform. It is only slightly soluble in cold ethanol.

Hexacosanoic acid melting at 88-89° has been prepared syn-

thetically by the hydrolysis of hexacosanenitrile.^ Gascard

has studied the synthesis of hexacosanoic acid by the oxidation of

ceryl alcohol, the melting point of the product being reported as
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82-82.5®. Bleyberg and Ulrich have described the preparation

of hexacosanoic acid by the decomposition of tetracoi^lmalonic

acid, which can be obtained from lignoceric acid by the malonic acid

s3mthesis. Cerotic acid can be prepared from Chinese wax,^^

montan wax,^" or beeswax by saponification and fractionation

of their mixed acids.

The presence of cerotic acid in the various vegetable, insect,

and mineral waxes has been established for many years. It was
first observed in Chinese wax by Brodie,® where it exists chiefly

in the form of ceryl cerotate. Cerotic acid is the principal add
of beeswax, and it has been stated to occur in this wax both in

the free state and as esters of the higher alcohols.^®*

Cerotic acid has been isolated from montan wax.^®^ It has fre-

quently been claimed to be the principal acid of wool wax,®^®*^®^*^®®

and Lipp and Kovacs ®®® have established its presence in Gedda
wax. Jakobsen has reported that flax wax contains 32.5% of

cerotic acid, and Fargher and Probert have separated the acid

from cotton wax. Practically every wax which has been examined

has been found to contain cerotic acid. Its presence has been re-

ported in floral waxes,®®^ bamboo wax,^®® camauba wax,^®® and the

wax of stick-lac.^®® The acid isolated from the latter source has

been named tachardiaceric acid, but it is considered to be cerotic

acid.

Anderson and coworkers 39.296.467,468 have reported the isolation

of an isomeric cerotic acid from the acetone-soluble fraction of

the wax of tubercle bacilli. This acid, which has been termed

phthioic acid, is stated to be biologically active and is apparently

associated with the phosphatide portion of the wax. More re-

cently, Spielman and Anderson®®® have described phthioic acid

as a branched-chain, polymethylated hexacosanoic acid.

Although cerotic acid is found principally in the waxes, its

presence in traces has been observed in many of the vegetable fats.

Examples of such fats are peanut oil,®^®*®^^ spinach fat,®^ pumpkin
seed oil,®^® and the fat of rice polishings.®^® The fat of fern spores

has been shown to contain appreciable amounts of cerotic acid.®^®

Owing to the difficulty of separating pure cerotic acid from its

naturally occurring sources, the question of its identity has been a

subject of controversy for many years. The cerotic acid which

Brodie ® first isolated from Chinese wax melted at 78® and was

considered by him to have the formula C27H54O2 . Somewhat

later, Schalfeieff ®^® studied cerotic acid from this source and stated
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that two acids were present, one of which had the formula pre-

viously assigned to cerotic acid, the other being a tetracosanoic

add. Nafzger later annoimced that the cerotic acid from this

source was a mixture of acids, and that cerotic acid itself contained

either twenty-six or twenty-seven carbon atoms. The formula

which Brodie assigned to cerotic acid was questioned by Hell and

Hermanns.^^ Marie then undertook a detailed study of the

cerotic add obtained from beeswax and assigned the formula

C25H50O2 to the add which melted at 77.9^. He also stated that

this acid was mixed with a triacontanoic acid which melted at

90®. Henriques^’^ restudied the acid isolated from Chinese

tallow and stated that the cerotic add obtained from this source

was identical with hexacosanoic acid. Lewkowitsch had pre-

viously observed that the neutralization value of the cerotic acid

isolated from beeswax agreed with that of hexacosanoic add. In

1921 Gascard stated that the cerotic acid from Chinese wax
had the formula C27H54O2, and three years later Grassow^^®

announced the isolation of a cerotic acid from wool fat which he

stated to be identical with that obtained from beeswax by Marie.

In the same year, Damoy^®* separated from beeswax an acid

melting at 82-82.5® and assigned to it the formula C27H64O2 .

The isolation of a cerotic acid melting at 85-85.5® from the fat

of fern spores was an event of considerable importance. The
melting points of the cerotic acids previously obtained from other

sources were much lower than that of the synthetic hexacosanoic

acid. These authors believed that these low melting points were

due to impurities, and they succeeded in obtaining from beeswax

an acid, melting at 83-84®, which did not depress the melting

point of the acid isolated from the fern spores. The next year,

Morgan and Holmes separated from peanut oil a cerotic acid

which melted at 77®, and stated that on the basis of its x-ray

spacings it contained a straight chain of twenty-six carbon atoms.

The x-ray spacings of the cerotic acids from beeswax and from

Chinese wax were investigated later by Francis, Piper, and
Malkin,^ who concluded that the one from beeswax was hexa-

cosanoic acid containing octacosanoic acid as an impurity, and

that the one from Chinese wax was hexacosanoic acid. More
recently, Mattissohn ^ has stated that the acids obtained from

beeswax which have been identified as odd-carbon acids are

probably mixtures of hexacosanoic acid with its higher homologs.

The cerotic acid present in montan wax is identical with hexa-
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cosanoic acid/’^ The question of the composition or structure of

the cerotic add found in wool grease has not been answered.

Abraham and Hilditch^^" have stated that the add melting at

73-75° obtained from this source is not hexacosanoic acid.

There can be no question but that many of the cerotic acids

reported in the literature are not individual adds but add mix-

tures. It has, however, been conclusively shown that hexacosanoic

acid is present in many of the waxes and fats, and the term cerotic

acid should refer to this acid irrespective of its source.

Heptacosanoic Acid

Heptacosanoic add has been synthesized from 1-hexacosanol by
conversion of the alcohol to the nitrile and hydrolysis of the latter

to the corresponding acid The acid obtained in this manner

melted at 87.5-87.7°.

Acids designated as heptacosanoic acid have frequently been

reported to be contained in the fats and waxes. Brodie,* Schal-

feieff,^^® and others considered the cerotic acid present in

Chinese wax to be heptacosanoic acid. Koyama^*® has more

recently given the name ibotoceric acid to an acid, considered to

be heptacosanoic acid, obtained from Chinese wax. This acid

has been reported to have been found in beeswax.^*^'®®®»®“»^*^

Tropsch and Kreutzer^®® have separated an acid from montan
wax to which they gave the name carboceric acid, assigning the

formula C27H54O2 . Peanut oil,®®* wool fat,®*® and several other

oils have been reported to contain heptacosanoic acid.

In spite of the numerous reports of the occurrence of hepta-

cosanoic acid in natural products, sufficient evidence has been

offered to make it extremely unlikely that this acid is actually

present. Lewkowitsch,®’* Henriques,®’^ Holde, Bleyberg, and
Vohrer,®*^ Mattissohn,®^ and others have stated that the naturally

occurring acids previously supposed to contain twenty-seven

carbon atoms are actually mixtures of even-carbon acids. The
x-ray investigations of Morgan and Holmes,®^® and of Francis,

Piper, and Malkin ®® later, have given further support to this con-

tention.

OCTACOSANOIC AciD (MONTANIC AcID)

Montanic acid is found almost exclusively in the vegetable,

insect, and mineral waxes. Its name is derived from the lignite

wax, montan wax.
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The histoiy of montanic add is quite interesting. The acid

was probably first described by Nafzger/’ who reported its pres-

ence in the high molecular weight acids of beeswax. Somewhat
later, von Boyen obtained this acid from montan wax and con-

sidered its formula to be C2gH5802. A number of investiga-

tors ^*8,489.490 likewise held the opinion that montanic acid contained

twenty-nine carbon atoms. Detailed studies have shown,

however, that montanic acid is octacosanoic acid, and that the

acids described previously were mixtures of this acid with its

lower and higher homologs. This contention has received further

confirmation from studies of the x-ray spacings of both naturally

occurring and synthetic montanic acid. When the name montanic

acid is employed, it should, therefore, be considered as S3mionymous

with octacosanoic acid.

Octacosanoic acid has been prepared synthetically by several

methods. The pure acid is a waxlike solid which melts at 90.9®.®^^

Bleyberg and Ulrich^® have reported the following constants:

m.p. 90.3-90.5®, 0.8191, and 1.4313. It is soluble in

petroleum ether, hot ethanol, and glacial acetic acid. The acid

has been obtained^® by the decomposition of hexacosylmaJonic

acid. Damoy,^®* and later Kper, Chibnall, and Williams,^®^ de-

scribed the synthesis of octacosanoic acid by the oxidation of

1-octacosanol. It has also been obtained by the hydrolysis of

octacosanenitrile. The separation of montanic acid from montan
wax has been described by several investigators.^®^' Gascard

and Damoy ^®^ have prepared montanic acid from beeswax, and

Koyama ^*® has obtained it from Chinese wax. Montan wax is

generally prepared by the steam distillation of crude bitumen

extracts. The acids obtained from this wax are accompanied by
large amounts of high molecular weight hydrocarbons. Marcusson

and Smelkus ^®® have claimed that these hydrocarbons are largely

formed by the decomposition of the wax esters. High molecular

weight hydrocarbons, however, are common components of many
of the waxes, such as Chinese wax,^* beeswax,^®® and candelilla

wax,®®^ and they are apparently present originally in the lignite

waxes in appreciable amounts.

Montanic acid has been reported to be contained in most of

the waxes which have been investigated; however, it is either

absent or present only in traces in the glycerides. Besides being

found in montan wax and beeswax, it is apparently present in

cotton wax,®®® bamboo wax,®®® Chinese wax,®*® and a number of
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the bitumen waxes of peat.^ Ryan and Dillon have reported

the montanic acid content of montan wax to be 41.33%. The
acid obtained from this source generally melts considerably lower

than the synthetic acid, owing to the difficulties encountered in

separating it from its homologs and other impurities.^**'

Nonacosanoic Acid

Nonacosanoic acid has frequently been reported to be a com-

ponent of the naturally occurring w’ax esters.^®^'^**'^*®’^®* However,

a large number of observations have been presented which show
that the nonacosanoic acids so reported are actually mixtures of

even-carbon acids 44,431,491,492,498,499

Nonacosanoic acid is a waxlike solid which melts at 90.3°.^*

The acid has been synthesized from octacosanoic acid by the

nitrile method.^*^' *** Recently, Stadler has reported the pres-

ence of nonacosanoic acid in Bohemian montan wax, and Rogin-

skaya ^** has claimed its separation from a bitumen wax of peat.

Both of these observations require substantial confirmation before

they can be accepted.

Triacontanoic Acid (Melissic Acid)

Nafzger first described melissic acid during his examination of

the higher fatty acids of beeswax. As with most of the higher

fatty acids, considerable uncertainty has existed concerning the

identity of the various melissic acids obtained from the wax esters.

It is now believed that melissic acid is identical with triacontanoic

acid and that speculation regarding its structure has been occa-

sioned by the difficulty of separating it from its lower homologs.

Francis, Collins, and Piper have determined the melting point

of synthetic triacontanoic acid to be 93.6°, a value which was later

verified by Francis and Piper.*^* Bleyberg and Ulrich reported

a melting point of 91.9-92 1° for the synthetic acid and a refrac-

tive index of wd® 1.4323 for the liquid. The acid is soluble in hot

ethanol, carbon disulfide, and chloroform, and sparingly soluble

in ether.

Triacontanoic acid melting at 93.6° has been synthesized by
the oxidation of myricyl alcohol.*"' Its preparation by the

action of the mixed oxides of potassium and calcium upon myricyl

alcohol in the presence of hydrogen has also been described.^*®’*®*

Bleyberg and Ulrich obtained triacontanoic acid by the decom-

position of octacosylmalonic acid, which was prepared from
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octacosanoic acid by the malonic acid synthesis. Robinson

has prepared triacontanoic acid by the reduction of 13-ketotria-

contanoic acid with zinc amalgam in a mixture of hydrochloric

and acetic adds.

Melissic acid occurs almost exdusively in the various vegetable,

insect, and mineral waxes. Its presence in beeswax was first

indicated by the work of Schalfeieff, was later established by

Nafzger,^* and has since been verified by a number of investi-

gators.'**^' Melissic acid has also been found in a

number of other insect waxes, such as coccid waxes, Chinese

wax,^* the wax of cocoon fibers,*®^ and the wax of the scale insect

Ceroplastes rvbens^^^ An acid, probably isomeric with triaconta-

noic acid, has been separated fromhuman tubercle wax. ® Melissic

acid has also been found in sugar cane wax,®^® clematis wax,®^^ the

wax of slash pine,^®* bayberry wax,®®^ and cotton wax.®^® It has

been stated by Marie ®®® to be present in camauba wax, and

Jamieson and McKinney have observed its presence in traces

in palm oil. Melissic acid is found in bitumen waxes such as

montan wax.®^^

Ever since melissic acid was first isolated by Nafzger,^* there

has been speculation regarding its identity. Schwalb considered

the melissic acid prepared from beeswax to be C31H62O2, and this

formula has been restated by several investigators.®"’

Marie,®®* however, claimed that melissic acid is triacontanoic acid.

Morgan and Bowen *®* have pointed out the difficulties in separat-

ing the higher fatty acids by fractional crystallization, and have

stated that this fact should be borne in mind in identifying the

naturally occurring higher fatty acids.

Acids Higher than Triacontanoic Acid

Several of the higher saturated acids have been prepared S3m-

thetically, and a few of them have been reported to be present in

the natural waxes. The higher members of the saturated series of

aliphatic acids are waxy solids, those of quite high molecular

weight resembling paraffin in many respects. The relative differ-

ences which are brought about by successive additions of methylene
groups are much less with the higher acids than with their lower

homologs, and consequently such acids exhibit little change in

properties from member to member. Owing to their similarity in

physical properties and the absence of marked solubility differ-

ences, the separation of these adds from one another is extremely
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dif&cult. It was to be expected, therefore, that there would be

considerable lack of agreement concerning the identity of the

higher acids which have been isolated from the natural sources.

HentricLC(mUinoic Acid. C^oHqiC02H

This acid has been prepared by Piper, Chibnall, and Williams

by the hydrolysis of hentriacontanenitrile, which was obtained

from 1-triacontanol. These auth(H*s reported a melting point of

93.0-

93.2® for the acid prepared in this manner.

Hentriacontanoic acid has been reported to be present in several

wax esters. *^®*^®*^®^*'*®* However, it is probable that the acids

investigated were mixtures of even-carbon-membered acids.

Dotriaxiimtanoic Acid {Lacceroic Acid). CziH^2p02H
Piper, Chibnall, and Williams synthesized this acid by the

oxidation of l-dotriacontanol, reporting its melting point to be

96.1-

96 3®. This is in agreement with the melting points of 96.2°,

observed by Francis, Collins, and Piper,^ and 96.0®, foimd by
Francis and Piper.^^^ Francis, King, and Willis have described

the preparation of dotriacontanoic acid from 1-iodotriacontane and
malonic acid by the malonic acid synthesis.

This acid probably occurs in the higher acid fractions of the

natural waxes. Gascard has isolated from the wax of stick-lac

an acid having the formula C32H64O2 ,
to which he gave the name

lacceroic acid.

Tritrmamtanoic Acid (Psyllic Acid, Ceromehssic Acid).

Cs2He5C02H

Psyllic acid, melting at 94-95®, was reported obtained by the

saponification of psylla wax with hydrogen bromide. Kono ^
has claimed the isolation of a similar acid from the wax of Cero-

plastes cenferus. Koyama has given the name ceromehssic acid

to an acid, melting at 94®, which he obtained from the wax of the

scale insect Ceroplastes rvbcns. The occurrence of tritriacontanoic

acid in natural products, however, is extremely doubtful, and

confirmation will be required before such observations can be

accepted.

Tetratriaccmtarioic Acid {Geddic Acid). CzsH^7C02H

Tetratriacontanoic acid, melting at 98.3-98.5®, has been syn-

thesized by the oxidation of 1-tetracontanol.^*^ Francis, King,
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and Willis have also described the preparation of this acid by
the Clemmensen reduction of 13-ketotetratriacontanoic acid,

which was prepared by the method proposed by Robinson.^* A
melting point of 98.2° for tetratriacontanoic acid has recently been

reported.^ Lipp and Kovacs have succeeded in separating

tetratriacontanoic acid, melting at 94.5-96.0°, from Gedda wax.

The acid was named geddic acid by these authors.

Pentatriaccmtanoic Add (Ceroplastic Add). Cs^H^gC02H

Pentatriacontanoic acid, melting at 98.3-98 5°, has been pre-

pared from 1-tetratriacontanol by the cyanide method.^*^ Cero-

plastic acid, melting at 92°, was reported to have been separated

from olive wax,^®^ melting at 96-98°, claimed to be

pentatriacontanoic acid, has been isolated from the wax of Cero-

plastes rvbens.^^

Hex(Urmc(mtanoic Add. CZ5H71CO2H

This acid has been prepared by the oxidation of 1-hexatriacon-

tanol by Piper, Chibnall, and Williams, who reported a melting

point of 100.1-100.3°. Hexatriacontanoic acid obtained from

tetratriacontanoic acid melts at 99 9° The melting point of

99.9° for this acid has recently been confirmed.^ 212

OcUUrmcorUanoic Acid. C27H75CO2H

Melting points of 101.1° ^ and of 101.6° have been reported

for the synthetic acid.

HexcUdra^carUanoic Add. C^s,H^iC02H

This acid has been synthesized by the Clemmensen reduction

of 13-ketohexatetracontanoic acid This latter acid was pre-

pared by the saponification of ethyl 2-acetyl-2-tetratriacontanoyl-

brassylate, which was obtained from the reaction of tetratria-

contanoyl chloride with ethyl sodio-2-acetylbrassylate by the

method previously described by Robinson.^®

Melting points of 107.1° ^ and of 106.85° have been reported

for synthetic hexatetracontanoic acid.
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n

THE ETHYLENIC FATTY ACIDS

Of all the classes of chemical compounds which are found in

nature few offer more interest both to the chemist and to the

biologist than the group known as the ethylenic fatty acids.

Whereas the saturated fatty acids constitute a perfect example of a

homologous series, the chemical and physical properties of the

individual members of which are essentially dependent upon the

presence of long, saturated hydrocarbon chains, the ethylenic

acids offer a somewhat more complex chemical study The presence

of one or more unsaturated bonds in the hydrocarbon chains of

these acids distinguishes them from those of the saturated series.

The properties of the ethylenic acids, therefore, not only embrace

those of their saturated counterparts but also include those reac-

tions typical of unsaturated carbon-to-carbon linkages. Thus, the

direct addition of halogens or halogen halides, hydroxylation,

oxidative cleavage, hydrogenation, and many other reactions

characterize the unsaturated acids. In this group of compounds
we also encounter the phenomena of both position and geometrical

isomerisms, so that even those acids of comparatively simple

empirical formidas represent not one, but a number of possible

chemical individuals. It can, therefore, be said that the chemistry

of the ethylenic acids is appreciably more involved than that of

the saturated acids, and although our knowledge of the latter group

is comparatively far advanced many of the generalizations pertain-

ing to the former require further experimentation and confirma-

tion.

The ethylenic fatty acids are found widely distributed as esters

in the various natural oils, fats, and waxes. They constitute a

major percentage of the acids of the vegetable oils and also occur

in large amounts in the various animal fats. The fish oils are

characterized by large percentages of unsaturated acids and par-

ticularly by acids containing three or more ethylenic bonds. The
unsaturated fatty acids which are present in the naturally occurring
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fats are found associated with the saturated acids, most generaQy

in the form of mixed triglycerides. The constitution of these

naturally occurring glycerides is a subject of rather unusual

interest, and a very definite plan appears to have been followed

governing the distribution of the fatty acids in the various naturally

occurring fatty substances. In general, it is evident that the so-

called law of even distribution regulates the molecular constitution

of fatty materials. According to this generalization the amoimt
of any acid in a fatty mixture will be found evenly distributed

throughout the various glycerides present. Thus, it is only when
the percentage of any individual acid is quite high that simple

triglycerides are encountered.

Pure unsaturated fatty acids can only rarely be obtained by
fractionation of the glycerides themselves, and they are prepared

from the fatty acid mixtures only by long and tedious processes.

The saturated acids can be prepared by complete hydrogenation

of acid mixtures followed by ester fractionation; however, such

methods are not, in general, applicable to the ethylenic acids.

Classification and General Considerations

In our discussion of the saturated acids we obserx-ed that they

are all characterized by the presence of a saturated hydrocarbon

chain, and that the essential difference between the various mem-
bers is the number of carbon atoms in the alkyl group. When we
consider the ethylenic fatty acids it must be realized that, although

the individual members have many properties in common, the

increased complexity occasioned by the presence of one or more
ethylenic bonds must be recognized. This requires a subdivision

of the ethylenic acids into several aoid series before any logical

discussion is possible. The accepted manner of subdivision, and
the one which appears to be the most reasonable, is to classify the

ethylenic acids according to the number of unsaturated bonds in

the chain. Thus the ethylenic acids are classed as mono-, di-, tri-,

and polyethylenic acids depending upon the number of unsaturated

carbon-to-carbon bonds present in their molecules. Although

such a classification presents several objections it does utilize their

most important chemical differences as the basis of division, and

the fact that this means of classification has successfully passed

the test of time cannot be denied. In considering the ethylenic

fatty acids we will, therefore, divide them into four major series

which are as follows: the monoethylenic acids, the diethylenic

acids, the triethylenic acids, and the polyethylenic acids.
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As we study the ethylenic fatty acids it becomes apparent that

nature has certainly not fashioned them in any haphazard manner,

but rather according to certain very definite procedures. These

procedures are evidently associated with the various biological

processes by which the fatty acids are formed and utilized in life

processes. Man is, unfortunately, ignorant of many of the factors

which influence the structure and configuration or govern the

occurrence of these acids. We must, therefore, content ourselves

by recording the various observations which have been made in

the hope that future studies will throw further light upon this

subject. Before we discuss any specific series of ethylenic acids it

should be of interest to consider some of the generalizations which

pertain to this large class of compounds.

The ethylenic fatty acids are found widely distributed, generally

as glycerides, in the animal, vegetable, and marine oils. The
animal fats usually do not contain large amounts of acids possess-

ing more than one double bond, so that large sources of the highly

imsaturated acids are essentially confined to the vegetable and

marine oils. The composition of the animal depot fats is, of course,

somewhat dependent upon the food consumed by the animal

The diet, howwer, is not the only controlling factor, since animals

possess certain typical fats, the composition of which is largely

dependent upon the type of animal. Several other factors, such as

climate and environment, are known to influence the composition

of the animal fats No clear-cut generalizations can be dra^vn, at

this time, regarding the influence of these factors, and until the

various metabolic processes are better understood, it must suffice

simply to present those observations which have been recorded.

When we consider the vegetable fats and oils we find that many of

them, particularly those found in the colder climates, contain large

amounts of highly unsaturated acids. Oils of plant origin are

generally classified as non-drying, semi-drying, and drying oils,

depending upon the relative amounts of unsaturated acids in their

respective glycerides. The unsaturated acids in the semi-drying

oils are represented by substantial percentages of monoolefinic

acids together with lesser amounts of more highly unsaturated

acids, whereas the drying oils contain large percentages of diolefinic

and triolefinic acids. No clear line of demarkation can be drawn
between the semi-drying and drying oils and many examples of

borderline cases can be cited. There is, however, one common
feature concerning the various vegetable oils which is highly



CLASSIFICATION AND GENERAL CONSIDERATIONS 75

significant. This is the fact that, by far, the greater proportion

of the acids present in these oils contain eighteen carbon atoms.

While certain notable exceptions to this observation can be cited,

it is apparent that the chemistry of such acids as oleic, linoleic,

linolenic, and eleostearic essentially comprises the chemistry of the

fatty acids of vegetable origin.

The fats of marine life contain acids which differ materially in

structure from those obtained from other sources. These fats are

characterized by the presence of substantial quantities of highly

unsaturated acids containing twenty or more carbon atoms, which

contain as basic structural units the groups :CHCH2CH:
and :CH(CH2)2CH:. However, appreciable amounts of acids

containing less than eighteen carbon atoms are frequently foimd

in some of the hsh oils, and such acids generally possess the

group :CH(CH2)7C02H observed in oleic acid. Fats of fresh

water fish and of marine mammals contain smaller percentages of

highly unsaturated acids with twenty or more carbon atoms, and

larger amounts of unsaturated acids having eighteen or less carbon

atoms, than the fats of salt water origin. An examination of the

fatty matter present in the plants which fish utilize for food shows

a significant similarity in composition with that of the fish oils

themselves. This raises the question as to the origin of these

highly unsaturated acids which are so characteristic of the marine

oils.

One of the most interesting facts relative to the occurrence of

the unsaturated fatty acids is the tendency of certain plant species

to synthesize specific unsaturated acids to such an extent that the

presence of these acids definitely characterizes oils from these

sources. Thus, linseed oil contains a large percentage of linolenic

acid together with linoleic acid; eleostearic acid distinguishes tung

oil; erucic acid characterizes rape seed oil; oleic acid constitutes

the major proportion of the acids of olive oil; and the principal

acid of parsley seed oil is an isomer of oleic acid, petroselinic add.

While the relative proportions of the various acids in the oils

obtained from certain plants may differ according to the condi-

tions of gro^vth, climate, or other factors, the ability to synthesize

these characteristic acids is apparently an inherent property of

the plant itself.

The effect of climate and of other environmental conditions upon

the relative amounts of the various unsaturated acids found in the

fats has long been a quite controversial issue. Certainly, it is a
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subject which is not devoid of interest, and one which is so closely

associated with life processes as to offer an important field for

biological investigations. A large number of observations, most

of which have been made upon the vegetable oils, indicate that

cold climates favor the production of highly unsaturated fatty

acids. That is, a plant of the same species will produce a more

unsaturated oil the cooler the climate in which it is grown. Pigul-

evskil,^ after a study of numerous plant oils obtained from plants

grown in various parts of Russia, arrived at the conclusion that

the nature of the oil produced in a plant is influenced by climatic

conditions. The lowered melting point attending increased un-

saturation offers a partial explanation of this phenomenon. Later,^

this author cited further examples in support of this contention

and stated that the difference was not that one oil contains more

imsaturated acids than another oil but rather that the relative

proportions of the various unsaturated acids differ. This raises a

very important point and one which should be borne clearly in

mind. Temperature and other factors do not bring about a

fundamental change in the type of acids produced by a given

plant species, but affect only the relative percentages of such acids.

Primitive plants, which possess the ability to produce unsaturated

acids of a certain configuration, will retain this ability irrespective

of their environment. Ivanov ® has commented upon the sensi-

tivity of the linolenic acid content of plants to temperature condi-

tions. It must be admitted that some exceptions to the above

generalization can be cited and that specific instances exist of

highly unsaturated oils which are produced by plants grown in

warm climates. These exceptions, however, are not impressive

unless they involve differences in the types of acids produced

rather than in relative amounts. That certain semi-tropical plants

produce conjugated unsaturated acids of a high degree of unsatura-

tion, whereas closely related plants grown in northern climates

produce unconjugated acids, refers to factors more fundamental

than the temperature conditions of gro^vth. A high degree of

unsaturation is generally accompanied by fluidity at lower tem-

peratures and also by a relatively high chemical and perhaps

biological activity. Comparatively recent work^ has indicated

that the linolenic acid content of linseed oil increases materially

during the ripening of the seeds, and Bauer ® has observed a de-

cided increase in the oleic acid content of sunflower seed oil during

this ripening period. It would appear, therefore, that there are
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certain critical periods in the life cycle of plants during which

temperature effects are critical and exert their maximum influence

upon the composition of the seed fats.

Quite a number of observations have been reported which indi-

cate that temperature conditions exert an influence upon the degree

of unsaturation of the various animal fats. The classical experi-

ments of Henriques and Hansen ^ would appear to support the

contention that the higher the external temperature the greater

the tendency towards the formation of unsaturated acids. These

authors examined the body fats of three pigs which had been fed

identical diets, but which were held at different temperatures

during the course of the experiment. The most saturated fat was

obtained from the pig held at 0°, but covered with a sheepskin;

the fat from the animal held at 0® without external covering was
the most imsaturated, while that from the animal held at 30-35°

was found to be of intermediate composition. It is also generally

accepted that the more saturated fats are present in the warmer
portions of an animal. That body temperature, however, is not a

fundamental factor in determining the degree of unsaturation of

the various animal fats is shown by the fact that when one com-

pares the composition of animal fats \rith the body temperatures

of the animals from which they are obtained no decided correlation

is evidenced. It must be remembered, however, that the natural

tendency of animal types to synthesize or assimilate certain acids

is probably an inherent characteristic. Thus, Isaachsen ^ failed to

observe highly unsaturated acids with twenty or more carbon

atoms in swine which had been fed material containing herring

oil; and Ellis and Zeller * reported that hogs raised on a low-fat

diet apparently synthesized fat at a normal rate.

It has been frequently stated that the large amount of highly

unsaturated acids in the fish oils is a manifestation of a temperature

effect. That this cannot be accepted without reservation is appar-

ent when one compares the fats of marine animals with the fish

oils and also considers the difference in composition between

marine and fresh water fish oils. Lovem ® has commented upon
the reduced amount of highly unsaturated C20 ajad C22 acids foimd

in the oils of fresh water fish as compared with the oils of salt water

fish. Klenk, Ditt, and Diebold have, however, recently stated

that the content of highly unsaturated C20 and C22 acids in the

depot fats is related to the body temperature, and they believe

that the differences observed cannot be attributed to the food
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oonsuxnedy since herbivorous and carnivorous reptile fats showed

similar compositions. In general, it is fairly well established that

cold temperatures and severe conditions favor the formation of

unsaturated acids in the various plants and animals. The specific

type of plant or animal and the primitive tendency to synthesize

fatty mixtures of characteristic composition are factors of primary

consideration. All these variables must be carefully considered

in discussing any specific cases which are cited either in support

or in refutation of this generalization.

The unsaturated fatty acids found in vegetable and animal fats

show certain structural similarities which are probably related to

their formation in nature. Oleic acid is, by far, the most abundant

of the naturally occurring fatty acids. Oleic acid, 9-octadecenoic

acid, possesses the groups CH3(CH2)7CH: and :CH(CH2)7C02H.
A large number of the naturally occurring fatty acids, particularly

those which are found in substantial quantities, show structural

relationships with this acid. Thus, linoleic acid, or 9,12-octar

decadienoic acid, contains the group :CH(CH2)7C02H, similar to

that found in oleic acid, and linolenic acid, or 9,12,15-octadecatri-

enoic acid, also possesses this group. Both of these acids are found

widely distributed in the vegetable fats and are major components

of most of the drying and semi-drying oils. The group

:CH(CH2)7C02H is also present in eleostearic acid, the char-

acteristic acid of tung oil. The structural similarity of these un-

saturated acids is quite interesting. When we observe, however,

that the principal monoethenoic acids which contain ten, twelve,

fourteen, and sixteen carbon atoms also have a double bond in

the 9-position and thus possess the group :CH(CH2)7C02H, we
realize the very close relationship which exists between many of

these unsaturated adds. Of the monoolefinic acids which contain

more than eighteen carbon atoms, gadoleic acid shows 9- unsatura-

tion and erucic acid (13-docosenoic acid) contains the group

CH3(CH2)7CH: which is present in oleic acid.

The Monoethylenlc Acids

The monoethylenic fatty acids constitute a large group of

chemically similar inchviduals all of which possess the general

formula CnH2n~202. The large number of possible representa-

tives of this series is occasioned not only by reason of the difference

in the number of carbon atoms in their hydrocarbon chains, but

also by virtue of both position and geometrical isomerism of their
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unsaturated bonds. Thus even the simplest members of this

group, such as the hexenoic adds, occur in several isomeric forms.

As the length of the hydrocarbon chain increases, the number of

possible position isomers likewise increases. Position isomerism

allows of four isomeric hexenoic acids, three of which permit of

cis^ans isomerism, while the octadecenoic acids are represented

by sixteen possible position isomers, fifteen of which exhibit

geometrical isomerism. The number of theoretically possible

monoethylenic fatty acids is, therefore, quite large. Many repre-

sentatives of this group are found in the naturally occurring fatty

substances, and several of them occur in very large amounts.

Oleic add is the most abundant of all the naturally occurring fatty

acids and is invariably considered as the typical add of this group.

Because of the historical significance of this acid and its wide

occurrence, this series is frequently referred to as the oleic acid

series. Although no other monoethylenic acid rivals oleic acid in

importance, many members of this group, such as palmitoleic acid,

are found widely distributed throughout the animal and vegetable

fats.

The oleic acid series constitutes a large group of naturally

occurring compounds, many representatives of which have been

isolated from the fats and oils. In considering the series as a whole,

however, we should not lose sight of the fact that many of the

members of this group either do not occur in natural products or

have not, as yet, been isolated. As a consequence, our knowledge

of some of the members of the oleic acid series is confined to the

preparation and properties of the synthetic acids. Since all the

high molecular weight monoethylenic acids have not been pre-

pared, our knowledge of this important group of compounds is,

even today, somewhat limited.

The question of the nomenclature of these acids is quite im-

portant. Any rational system for naming the monoethylenic

acids must designate the chain length of any particular acid and

must also distinguish it from its possible isomers. In other words,

the name given to any particular acid must convey not only the

chain length but also the position and configuration of the double

bond in the alkylene chain. It is quite regrettable that considerable

confusion exists in the earlier literature concerning the unsaturated

fatty adds owing to the absence of a uniform system of nomen-

clature. The present accepted method of naming the unsaturated

adds is undoubtedly quite familiar to most chemists; however, a
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short review of the principles involved will serve to eliminate any
possible confusion in our later discussion of the specific members
of this series. The unsaturated fatty acids, like the hydrocarbons

and many other aliphatic compoimds, derive their names from

either the Greek or the Latin numerals which designate the

number of carbon atoms in the acid chain. The carbon atom of

the carboxyl group is considered to be a part of the chain, and the

presence of an olefinic linkage is designated by a contraction of

the suffix ''ene." The carbon atoms of the acid chain are num-
bered beginning with the carbon atom of the carboxyl group and
the position of the ethylenic bond is established by the appropriate

numerical prefix. Thus, the prefix 9,10- is used to designate that

the double bond lies between the ninth and tenth carbon atoms,

the prefix 6,7-, between the sixth and seventh carbon atoms, and
so on. Frequently only the number of the carbon atom nearest

to the carboxyl group is used as a prefix. Thus 9,10-decenoic acid

can be correctly called 9-decenoic acid or 2,3-dodecenoic acid,

2-dodecenoic acid. This latter nomenclature mil be generally

followed throughout this writing. The following examples are

illustrative:

An alternative system of nomenclature, which is frequently em-
ployed in the early literature, is to designate the carbon atoms by
the letters of the Greek alphabet. The carbon atom adjacent to

the carboxyl group is termed a, the next the next y, and so on
along the chain. This method is often used, particularly in naming
the substituted acids, although numerals appear preferable.

All monoethylenic fatty acids, with the exception of those which
contain a double bond in the terminal position, are capable of

existing in two geometrical forms, cis and trana. When the

structure of an acid permits of both a cis and a trans modification,

the name should bear this distinction. This is accomplished by
prefixing either of the above terms to the name of the acid. Thus,
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ci»-9-octadecenoic acid can refer only to the da form of an acid

which contains eighteen carbon atoms and a double bond between

the ninth and tenth carbon atoms. Since it is rather generally

accepted, however, that all naturally occurring acids have a cis

structure it is usually not customary to employ the prefix cis when
discussing such acids.

The above system of nomenclature is quite rational and should

be employed wherever possible. We must realize, however, that

our familiarity with many of these acids preceded by many years

the establishment of a uniform method of nomenclature. As a

consequence of this, many of the important naturally occurring

acids and many of their geometrical isomerides are designated by
common names, such as oleic, palmitoleic, erucic, elaidic, or

brassidic acid. Such names generally have a historical background

and either refer to the origins of the acids, their structural simi-

larities to other acids, or are simply names given to them at the

time of their discovery. Since these names have frequently been

adopted before the actual configuration of the acid was known,

many of them will undoubtedly be retained and will continue to

be wdely used. Names such as oleic acid or elaidic acid are so

intimately interwoven in the literature of the fatty substances

that to suggest their modification or disuse would be akin to sacri-

lege.

The following paragraphs contain brief descriptions of the

synthesis, properties, and occurrence of many of the monoethylenic

fatty acids. It should be borne in mind that, from a practical

standpoint, those acids which occur in large amounts in nature or

which can be easily prepared from available acids are of much
greater economic and perhaps scientific interest than those which

occur in only minute amounts or are synthesized only by difficult

and involved procedures.

Pentenoic Acids

The pentenoic acids are not found in the naturally occurring

fats and oils; however, the synthetic acids have been known for

many years. Three pentenoic acids are possible, two of which are

capable of existing as cis-trans isomers.

4-Pentenoic Acid. CH2:CHCH2CH2C02H
The preparation of this acid by the action of sodium ethylate

upon the ethyl ester of allylacetoacetic acid has been described by
Zeidler.^^ Messerschmidt ^ employed aqueous potassium hydrox-
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ide to effect the hydrolysis. The decarboxylation of allylmalonic

add has been shown by Conrad and Bischoff to result in sub-

stantial yields of 4-pentenoic acid. Allylmalonic acid can be

obtained by the action of allyl bromide upon ethyl sodiomalonate.

Perkin and Simonsen^^ have reported the formation of ethyl

4-pentenoate by the reduction of ethyl 4-pentynoate by means of

sodium and absolute ethanol. The reduction of 3-vinylacrylic acid

by means of sodium amalgam and water has been observed by
Doebner to yield 4-pentenoic acid mth no shift in the position

of the double bond. This claim has since been disputed by several

authors who have stated that the only product formed by this

reduction is 3-pentenoic acid. Fittig has shown that the treat-

ment of 4-pentenoic acid with, aqueous sodium hydroxide does not

result in a shift in the position of the double bond.

4-Pentenoic acid is a colorless liquid for which the folloAving

physical constants have been reported: 6745 186-187®,^^ 6700

187-189“,“ dS 0.9987, df 0 9843, nj,® 1.4341. It is slightly soluble

in water and easily soluble in ethanol and ether. The p-toluidide

boils at 205® at 16 mm. and melts at 81.5®.^*

3-Pentmmc Acid, CH^CH:CHCH2C02H
3-Pentenoic acid has been shown by Fittig and MacKenzie

to be formed in subordinate amounts to its 2-isomer by the decar-

boxylation of the reaction product of propanal and malonic acid

Thiele and Jehl ^ have studied the reduction of vinylacrylic acid

with sodium amalgam and stated that it proceeds in the expected

manner to form 3-pentenoic acid rather than the 4-isomer as re-

ported by Doebner.^® Goldberg and Linstead have also reported

that 3-pentenoic acid is the major product formed by the reduc-

tion of vinylacrylic acid. 3-Pentenoic acid is one of the products

formed during the dry distillation of 3-hydroxyvaleric acid and
also by the heating of sodium 3-hydroxyvalerate with aqueous

sodium hydroxide.^ Methylparaconic acid has been shown to

yield 3-pentenoic acid, together with other products, when
heated.“»2* Methylparaconic acid can be obtained by the reduc-

tion of the ethyl ester of acetosuccinic acid according to the method
of Fichter and Pfister.^* Zincke and Kuster ^ have claimed the

formation of 3-pentenoic acid by the reduction of pentachloro-

pentadienoic acid, CC12:CC1CC1:CC1C02H.
3-Pentenoic acid is a colorless liquid which boils at 193-194® at

atmospheric pressure and at 98® at 19 mm.*^ The .acid is moder-
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ately soluble in water and easily soluble in ethanol and ether.

Its p-toluidide melts at 106°.

Z-Penlenaic Acid. CH2CH2CH:CHC02H
2-Pentenoic acid is formed, together with its 3-isomer, when

propanal is condensed with malonic acid and the product decar-

boxylated.“'^^’26 acids may be easily separated owing to

the fact that the latter readily forms a lactone. Fittig and

Spenzer^ showed that the double bond of 3-pentenoic acid mi-

grates towards the carboxyl group under the influence of caustic

alkalies. The equilibrium involved in the migration of the double

bonds of the 3- and 2-pentenoic acids in the presence of bases has

been extensively studied by Goldberg and Linstead.^^ If pyridine

containing 0.5% of piperidine is used as the condensing agent in

the malonic acid synthesis, only the 2-isomer is formed. This

effect is quite specific and cannot be correlated to the basicity of

the condensing agent, as shown by later work.^^ Treatment of

2-bromovaleric acid with quinoline has been showm to result

almost completely in the formation of 2-pentenoic acid.-* Rupe,

Ronus, and Lotz “ have made a further study of this method for

the preparation of 2-pentenoic acid. The dehydration of 3-

hydroxyvaleric acid or its salts forms a mixture of 2- and 3-pen-

tenoic acids. Bourguel has studied the hydrogenation of 2-

acetylenic acids to 2-ethylenic acids in the presence of platinum.

rra?is-2-pentenoic acid has been reported by Bourguel to

be formed by treatment of the cts acid with iodine. The trans acid

was reported to boil at 106° under 15 mm. pressure, whereas the

corresponding cts isomer boiled at 88°. Bourguel reported di"*

1.454 for the trans and 0.992 and 1.450 for the cts isomer.

Cis-2-pentenoic acid melts at 8°.^^ Several boiling points have

been observed: 195-197°,i» 200-201°, 105° at 19 mm.,21 99° at

10 mm., and 71° at 2 mm.^ The following densities have been

reported: dS 1.0074, 0.9921, and 0.9550. All the above con-

stants refer to the cts modification. The acid has been stated to

be soluble in water to the extent of one part in 15.89 parts.*^ It

is very soluble in ethanol and ether. Its p-toluidide melts at 110°.

Hexenoic Acids

Four hexenoic acids are theoretically possible, three of w’hich

can exhibit cis-trans isomerism. One of the hexenoic acids has

been reported to be a component of peppermint oil.
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B^Hexmoic Add. CH2 :CH{CH^zC02H
5-Hexenoic acid is formed when 6-aimnocaproic acid is treated

with nitrous acid.^*- ** The reaction product also contains a

small amount of 4-hexenoic acid. The distillation of 2-hydroxy-2-

methyladipic acid has been shown by Fichter and Langguth ** to

yield a mixture of 6- and 4rhexenoic acids. Letch and Linstead

have studied the synthesis of this acid by the above two methods

and also by the action of l-bromo-3-butene upon ethyl sodio-

malonate. Linstead and Rydon ^ have also described the prepara-

tion of 5-hexenoic acid by the malonic acid synthesis. The elec-

trolysis of potassium ethyl pimelate has been shown to yield

5-hexenoic acid as one of the products.®^ Ciamician and Silber ®®

have prepared 5-hexenal from cyclohexanone and have converted

this aldehyde to the corresponding hydroxamic acid, which yielded

5-hexenoic acid upon treatment with sulfuric acid.

5-Hexenoic acid boils at 203° at 760 mm. and at 107° *at 17 mm.
Other physical constants have been reported to be as follows:

0.9639, df 0.9610, 1.4375, and 1.4343. Fichter and

Pfister reported the melting point of the p-toluidide to be 75°

whereas Letch and Linstead ®® have reported 58°.

4-Hexerunc Acid. CHzCH:CH(CH2)2C02H

4-Hexenoic acid has been shown by Fichter ®® to be formed by
the distillation of the lactone of 5-hydroxy-4-carboxyhexanoic acid

by the following reaction:

CO2H

ch,ch(!;hch*ch2

i Ao

CO2 + CH8CH:CHCH2CH2COeH

The structure of the reaction product was later confirmed by
its oxidation to acetic and succinic acids by means of potassium

permanganate. 5-Hydroxy-4-carboxyhexanoic acid can be pre-

pared by the reduction of diethyl 2-acetylglutarate with sodium

amalgam. The distillation of 2-hydroxy-2-methyladipic acid yields

a mixture of 4- and 5-hexenoic acids, as does also the action of

nitrous acid upon 6-aminohexanoic acid.^®*®® The reduction of

sorbic acid, CH3CH:CHCH:CHC02H, was formerly considered

to yield only 3-hexenoic acid (hydrosorbic acid)
;
however, recent

work has shown that substantial quantities of 4-hexenoic acid are

also formed during this process. Decarboxylation of the product
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formed by the action of l-bromo-2-butene upon ethyl sodio-

malonate yields 4-hexenoic acid.*®*^® The following physical con-

stants have been reported for this acid: m.p. 0^, 6760 206.5^,

612 102®, 0.9658, 1.4367. Its p-toluidide melts at 103®.^*

S-Hexenoic Acid {HydroaorUc Acid). CHsCH2CH:CHCH2C02H
The reduction of sorbic acid, CH3CH:CHCH:CHC02H, to

hydrosorbic acid has been the subject of considerable study.

Sorbic acid was first recognized by Hofmann," who obtained it

from the juice of the berries of the mountain ash. It has been

synthesized by Doebner " by the action of 2-butenal and malonic

acid. The presence of the conjugated unsaturated system in sor-

bic acid leads to the expectancy that its reduction product would

consist essentially of 3-hexenoic acid. Earlier workers

considered the reduction of sorbic acid to result exclusively in

the formation of 3-hexenoic acid; however, the fact that a sub-

stantial amount of 4-hexenoic acid is also formed during this

reduction has been subsequently established.^^*"*'*® The relative

proportion of the isomeric acids is somewhat dependent upon the

reducing conditions, Evans and Farmer" having reported the

formation of 35% of the 4-isomer by the reduction of sodium

sorbate with aluminum amalgam, 40% with sodium amalgam in

acetic acid, and 30% by the action of sodium amalgam upon sodium
sorbate in the presence of carbon dioxide. Boxer and Linstead ^

have studied the preparation of 3-hexenoic acid by the condensa-

tion of butanal and malonic acid in the presence of various organic

bases, and this condensation has been recently studied by Delaby

and Lecomte.^® The debromination of 3-bromocaproic acid results

in a mixture of 3- and 2-hexenoic acids.®® 3-Hexenoic acid is

formed, together with 3-caprolactone, during the distillation of

ethylparaconic acid.

The following physical constants have been reported for 3-

hexenoic acid: m.p. 12®^, 6750 208®, bi2 103®, d^ 0.9610, Wd 1.4255.

Its p-toluidide melts at 95.5®.^®

2‘Hexenoic Acid. CH3CH2CH2CH:CHC02H
This acid is formed, together with a smaller amoimt of its

3-isomer, by heating 3-hydroxycaproic acid with aqueous sodium

hydroxide. The treatment of 2-bromocaproic acid with sodium

hydroxide gives a mixture of 2- and 3-hexenoic acids with the

former predominating.®® The dehydrobromination of 2-bromo-
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caproic acid has been suggested by Fichter and Pfister^^ as a

means of obtaining pure 2-hexenoic acid. When 3-hexenoic acid

is treated with strong alkalies the double bond shifts towards the

carboxyl group with the formation of 2-hexenoic acid. The equi-

librium conditions for this rearrangement have been extensively

studied. Kon, Linstead, and Maclennan “ have described the

preparation of pure 2-hexenoic acid by the rearrangement of its

3-isomer and have developed a method for the separation of these

two acids. 2-Hexenoic acid is formed by heating the condensation

product of butanal and malonic acid,^'®^ and Goldberg and Lin-

stead^^ have also investigated the sjmthesis of this acid from

butanal and malonic acid using pyridine containing 0.5% of

piperidine as the condensing agent. An extensive investigation

by Boxer and Linstead ^ of this condensation in the presence of

various organic bases indicated that the formation of the 2-acid

in the presence of pyridine and piperidine is an abnormal reaction,

since in general such condensations result in the 3-isomer. This

work somewhat refutes that of Zaar,“ who stated that the strength

of the base has a determining influence upon the configuration of

the product. Isaacs and Wilson have observed, however, that

the above condensation reaction results mainly in 2-hexenoic acid

together with smaller quantities of 3- and 4-hexenoic acids.

Walbaum and Rosenthal ^ have reported 2-hexenoic acid to be

present in Japanese peppermint oil.

2-Hexenoic acid melts at 32° and boils at 118° at 11 mm. The
liquid acid has dJo 0.9627 and 1.4601. The p-toluidide melts

at 125°.i*

Heptenoic Acids

Four of the possible heptenoic acids have been prepared anc

described. The 4-heptenoic acid has apparently not been syn

thesized although a number of its derivatives have been inves

tigated. None of the heptenoic acids has been identified in thi

naturally occurring fats and oils.

G-Heptenoic Add. CH2 : CH{CH2)^C02H

This acid has been prepared by Wallach ** by the action c

nitrous acid upon 7-aminoheptanoic acid. Gaubert, Linstead, an<

Rydon have prepared 6-heptenoic acid by the malonic aci

method. 6-Heptenoic acid has been shown by Fairweather “ t

be one of the products formed by the electrolysis of the half estei

of suberic acid.
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The physical constants of 6-heptenoic acid are: m.p. —6.5®,

6760 225-227®, 615 125®, 0.952, 4^® 0.9515, nJJ 1.4425, nj?®

1.4404.32. w

5-Heptenoic Acid, CH^CH\CH(CH2)^C02H

Fichter and Gully have prepared 5-heptenoic acid by the

action of 4-chlorobutyric acid with the sodium or potassium deriva-

tive of acetoacetic ester. Reduction of the resulting acetyladipic

acid gives 2-(l-hydroxyethyl)adipic acid which yields 5-heptenoic

acid upon distillation. Ciamician and Silber 3* have prepared this

acid from the corresponding aldehyde by conversion of the alde-

hyde to the hydroxamic acid, followed by treatment of the copper

salt of this acid with sulfuric acid. 5-Heptenoic acid boils at 223°

at 760 mm.

3-Heptenoic Acid CIhCH2CH2CH :CHCH2CO2H
3-Heptenoic acid has been prepared by Fittig and Schmidt

by the distillation of propylparaconic acid,

j

O CO

C3H7CHCH(COsH)ifi2

The acid has also been s3aithesised by Delaby and Lecomte ^ by
the action of n-valeraldehyde and malonic acid. The following

boiling points have been reported for 3-heptenoic acid: 6760 226-

228® and 610 116 5-118®

3dIeptenoic Acid, CHs{CH2hCH:CTIC02H

2-Heptenoic acid has been prepared by Rupe, Ronus, and Lotz ^

by the action of quinoline upon 2-bromoheptenoic acid. The acid

was separated from the 3-isomer, which is also formed during the

debromination, by the conversion of the latter into its lactone.

Delaby and Guillot-All^gre 3® have described the preparation of

2-heptenoic acid by the oxidation of the corresponding aldehyde

with silver oxide in alkaline solution. The physical constants of

2-heptenoic acid are: 6115 120-122®, 6737 225-228®, dl® 0.9576,

and nf? 1 4488.

OcTENOic Acids

Only two of the six possible octenoic acids have been described,

although the remaining isomers appear in the literature either as

substituted acids or acid derivatives. The octenoic acids have not

been found in the naturally occurring fatty substances.
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7'OcUnoic Acid, CH2 :CH{CH^fjP02H
The ethyl ester of this acid has been reported by Carmichael

"

to be formed during the electrolysis of potassium ethyl azelate.

Ethyl 7-octenoate boils at 210^.

S^denaicAcid. CHz(CH2)3CH:CHCH2C02H
Delaby and Lecomte ^ have prepared 3-octenoic acid by the ac-

tion of hexanal and malonic add. The following physical constants

were reported: 619 140-142.5°, dS 0.959, 0.942, and 1.4456.

MctenoicAcid. CHsiCHzhCHiCHCOzH
This acid has been synthesized by Bachman ^ by the condenssr

tion of hexanal and malonic acid in the presence of pyridine.

Bourguel ” has reported that the hydrogenation of the corre-

sponding acetylenic acid in the presence of platinum results in

the formation of 2-octenoic acid.

The following physical constants have been reported for 2-

octenoic acid: 615 127°, 622 154°, 0.9807, and 1.4587. The
p-bromophenacyl ester melts at 92.5°. Ct^2-octenoic add is

transformed into its trans isomer by the action of iodine. The
trans acid boils at 143° at 15 mm. and has dl^ 0.945 and 1.462.

Nonbnoic Acids

Although the nonenoic acids have not been observed in the

naturally occurring fats and oils, several of them have been syn-

thesized and their properties described.

8-Nonenoic Add, CHz^.CHiCHzhCOzH

This acid is known only as its ethyl ester. Brown and Walker ^

have reported that ethyl 8-nonenoate is one of the products formed

during the electrolysis of monoethyl sebacate.

S-Nonmdc Add. CHziCHzhCHiCHCHzCOzH

The preparation of this acid by the condensation of heptanal

and malonic acid in the presence of piperidine has been described

by Zaar “ and also by Delaby and Lecomte.^ According to Zaar

such condensations in the presence of ammonia or primary or

secondary bases lead to the formation of 3-ethylenic acids, but

condensations in the presence of tertiary bases result in 2-ethylenic

adds. This is contrary to the opinion of Knoevenagel,** who
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considered the above reaction to result in the formation of the

2-acid if the condensation is conducted in piperidine.

The following physical constants have been reported for 3-

nonenoic acid: 62 114-115°, 0.9290, 0.9250, 1.44842.

2-N(nienmc Acid. CHs(CH2)5CH:CHC02H

This acid was first prepared by Fittig and Schneegans ^ by the

Perkin reaction using heptanal, acetic anhydride, and sodimn

acetate. Its synthesis from heptanal and malonic acid in the

presence of piperidine has been described,^^ although subsequent

work has placed some doubt upon the identity of the acid obtained.

The synthesis of 2-nonenoic acid by the action of heptanal and
malonic acid in the presence of pyridine has been reported by
Auwers,*® Harding and Weizmann,®* and also by Zaar.“ In the

opinion of Boxer and Linstead,^ the effect of pyridine as a solvent

in this condensation is unusual in its formation of 2-ethyienic acids,

since its action is not common to the tertiary bases in general.

2-Nonenoic acid has been prepared by Delaby and Guillot-

All^gre®* by the oxidation of the corresponding 2-unsaturated

aldehyde with silver oxide in alkaline solution. The following

physical constants have been reported for 2-nonenoic acid: 613

144°, 62 130-132°, dl^ 0.9316, df 0.9345, and 1.45942. Bour-

guel has reported the preparation of ^rans-2-nonenoic acid by
treatment of the cis acid with iodine. The trans isomer boils at

154.5° at 15 mm. and has dj® 0.936 and nj) 1.4635.

Decenoic Acids

Two of the decenoic acids have been reported to occur iu the

naturally occurring fats. These apparently represent the lowest

molecular weight monoethylenic acids present in the natural fats,

although lower acids have been reported in certain essential oils.

9-Decenoic Acid. CH2:CH(CH2)7C02H

Smedley was the first to observe the presence of a decenoic

acid in butter fat, and ten years later Griin and Wirth ^ showed

by the ozonization of its methyl ester that this acid is 9-decenoic

acid. Its presence in milk fat was later confirmed by Bosworth

and Brown,®® in human milk fat by Bosworth,®® and in goat milk

fat by Riemenschneider and Ellis.^® Toyama and Tsuchiya^^

have isolated an acid from sperm head oil which yielded formic and

azelaic acids upon oxidation with potassium permanganate and
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is, apparently, 9-decenoic acid. These authors reported the

following physical constants: bu 143-148°, d}^ 0.9238, nj) 1.4507,

and riD 1.4488. The presence of 9-decenoic acid in the natural fats

is of interest because of its structural similarity to oleic acid.

4r^Decen(nc Acid (Obtvsilic Acid). CHs(CH2)4CH:CH(CH2)2C02H
Several investigators have reported the presence of this acid in

the natural fats. Toyama ^ and Komori and Ueno have claimed

the isolation of 4-decenoic acid from the seed fat of Ltndera

obtusiloba. The last two reported the acid to yield capric acid

upon hydrogenation and caproic and succinic acids when oxidized

with potassium permanganate and suggested the name obtusilic

acid. The following physical constants have been reported: 613

148-150°, df 0.9222, 0.9197, 1.4519, and 1.4497.

3-Decenoic Acid. CHs(CH2 ) 5CH :CHCH2CO2H
This acid has been prepared by Fittig and Schneegans ^ by the

distillation of hexylparaconic acid. It melts at 10°.

2‘Decenoic Add. CH^{CH2)%CH :CHCO2H
Zaar has described the preparation of 2-decenoic acid by the

condensation of octanal and malonic acid in the presence of

pyridine. The following constants were observed: 645 148-149°,

dl^ 0.9280, and nf? 1.4616.

Undecenoic Acids

The undecenoic acids have not been found in the natilrally

occurring fats and oils, and only a few members of this series have

been synthesized. The terminally unsaturated member, 10-

undecenoic acid, is of considerable interest since it is one of the

products of the pyrolysis of ricinoleic acid, the principal acid of

castor oil.

lO-Undecendc Add. CH2 :CH{CH2)^C02H
10-Undecenoic acid results from the pyrolysis of ricinoleic acid

and its derivatives by the following reaction:

CH3(CH2)6CH(0H)CH2CH :CH(CH2)7C02H-^

CH8(CH2)bCHO + CH2:CH(CH2)8C02H

The cleavage occurs between the eleventh and twelfth carbon

atoms and is evidently accompanied by a migration of hydrogen
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from the hydroxyl group and by a shift in the position of the

olefinic bond. The pyrolysis of castor oil was studied at an early

date by Bussy and Lecanu/^ who observed that it undergoes

destructive distillation at 275-300® to give a liquid and a spongy

residue. Some years later, Bussy identified heptanal in the

liquid product, and Krafft distilled castor oil imder a vacuum
and identified not only heptanal but also an undecenoic acid in

the distillation products. This undecenoic acid was shown by
Becker to yield nonanoic acid by fusion with potassium hydrox-

ide and to give sebacic acid upon oxidation with fuming nitric

acid, and the identity of this acid as 10-undecenoic acid was later

confirmed by Perkin^* and also by Brunner.*^® The insoluble

residue resulting from the vacuum distillation of castor oil was
investigated by Leeds “ and also by Brunner,^® and the latter

reported that it yields 10-imdecenoic acid upon treatment mth
alcoholic potassium hydroxide. The work of Goldsobel estab-

lished the structure of ricinoleic acid as 12-hydroxy-9-octadecenoic

acid and suggested that the undecenoic acid resulting from its

decomposition is 9-undecenoic acid and not the 10- acid. A study

of the sulfochromic oxidation products of these acids led Simon ^

to a similar conclusion. Perkins and Cruz have verified the

formation of 10-undecenoic acid from the pyrolysis of ricinoleic

acid and, more recently, Vernon and Ross ^ and also Barbot

have proposed a mechanism for this cleavage and suggest that it

is accompanied by a molecular rearrangement which takes place

under the influence of heat. 10-Undecenoic acid has been syn-

thesized by Gaubert, Linstead, and Rydon by the malonic acid

method.

The physical constants w^hich have been reported for 10-

undecenoic acid are as follows: m.p. 22-23®,^® 24.5®,^® feyeo 275®,

6 i3o 230-235®, 6ioo 213.5®, 690 198-200®, 615 165®, 61 131®, and

df 0.9072.

9- Undecenoic Add. CH^CH : CH{CH2)7C02H

This acid has been prepared by Krafft and Seldis by the

reduction of 9-bromo-9-imdecenoic acid by means of sodium and

ethanol. The bromo acid was obtained by the action of hydrogen

bromide upon 9-undecynoic acid, obtained from the 10-ethylenic

acid. The debromination of 9-bromo-9-undecenoic acid by zinc

and propionic acid has been shown by Harris and Smith ^ to yield

9-undecenoic acid. The acid melts at 11 4® and boils at 129-130®

under 1 nun.
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Dodecenoic Acids

Three of the dodecenoic adds have been shown to occur in

the natural fats. The 4- acid occurs in small amounts in the oils

of some tropical plants, where it is accompanied by its lower and

higher homologs. Such oils generally contain lauric acid as the

principal acid. The 5- isomer has been observed in certain marine

oils, particularly the head and blubber oils of whales, and is also

accompanied by its lower and higher homologs. The 9- acid has

been reported to be present in certain milk fats. In addition to

the naturally occurring dodecenoic acids, several others have been

synthesized and their properties described.

ll-Dodecenoic Add, CH2 : CH(CH2)gC02H

This acid has been prepared by Tomecko and Adams ** from

l-bromo-lOundecene by conversion to 11-dodecenenitrile, the

hydrolysis of which yields 11-dodecenoic acid. The following

physical constants were reported: 63 143-144®, 0.9030, and

1.4510.

9-Dodecmoic Acid, CHzCH2CH:CH{CH2)7C02H

The presence of a dodecenoic acid in cochineal fat has been

observed by Raimann.®® Recently Kono and Maruyama “ have

obtained a dodecenoic acid from Japanese coccid wax and have

suggested that this acid is 9-dodecenoic acid. The constitution of

this acid has, however, not been definitely established. 9-

Dodecenoic acid apparently occurs in the milk fats, in which it

was first observed by Griin; however, several later investigations

have failed to establish its presence in this fat.®®*^® Hilditch and

collaborators,*®'®® however, have definitely identified a dodecenoic

acid in cow milk fat and have determined it to be 9-dodecenoic acid.

5-Dodecenoic Acid {Lauroleic Acid),

CHs{CH2)5CH : CH{CH2)zC02H

Hilditch and Lovem ®® have isolated a dodecenoic acid from the

head oil of the sperm whale and have stated that this acid appeared

to differ from the dodecenoic acid found in the vegetable oils.

The presence of a dodecenoic acid in herring oil had been previously

indicated by Lexow,®® and the structure of this acid has been

determined to be 5-dodecenoic acid by Toyama and Tsuchiya,®®

who isolated it from both sperm blubber oil and sperm head oil.
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The following physical constants were observed: 0.9130 and

ni? 1.4536.

4'-Dodecenoic Acid {Ldnderic Add),

CHz{CH2)^CH :CH{CH2)2C02H

Several seed oils of tropical and subtropical plants have been

shown to contain 4-dodecenoic acid, in which oils it is accompanied

by both its lower and higher homologs 4-decenoic acid and 4-tetra-

decenoic acid. These seed oils generally contain lauric add as the

prindpal add. A dodecenoic acid observed in Tsuzu and Kuro-

moji seed oils by Tsujimoto ^ was believed to be similar to an

acid previously isolated from Tohaku oil by Iwamoto and termed

linderic acid. Later, Toyama and Komori and Ueno obtained

linderic acid from the seed oil of Ltndera ohtiLsiloha and determined

its structure to be 4-dodecenoic acid. Recently, Hata* has

obtained linderic acid from several Formosan seed oils. Komori
and Ueno have reported the physical properties of linderic acid to

be 5i3 170-172°, m.p. 1.0-1.3°, 4® 0.9106, 0.9081, nl>® 1.4546,

and no 1.4529.

^‘‘Dodecenoic A ctd. CH^(CH2)sf^H :CHCO2H
The synthesis of 2-dodecenoic acid has been reported by Zaar,“

who prepared it by the action of decanal upon malonic acid in

the presence of pyridine. The acid has 62 164-165®, 0.9130,

and 1.46390.

Tridecenoic Acids

Only a limited amount of information is available upon the

tridecenoic acids. They are not found in the naturally occurring

fats and oils and, apparently, only two representatives of this

series have been S3aithesized.

12-Tridecenoic Add. CH2 : CH{CH2)ioC02H

This acid has been prepared by the action of 1-bromo-lO-

imdecene and diethyl malonate in the presence of sodium.^^

Tomecko and Adams have synthesized the acid by a similar

procedure. The acid melts at 38-38.2® and has 626 192®, 615 186®,

and bs 162®.

2-Tridecenoic Add. CHz{CH2)2CH\CHC02H

Zaar ^ has described the preparation of 2-tridecenoic add by

the action of undecanal upon malonic acid in the presence of
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pyridine; The following physical constants were observed: 62

169-171®, df 0.8995, and 1.46121.

Tetradecenoic Acids

Although the tetradecenoic acids are not found in large amounts

in the naturally occurring fatty substances, they appear to be

rather widely distributed, and at least three of them have been

identified in the natural fats. 9-Tetradecenoic acid is present in

small amounts in various animal depot fats and in milk fats;

5-tetradecenoic acid is found in certain marine oils, and 4-tetrar

decenoic acid in the oils from several tropical and semi-tropical

plants. It is interesting to note that two of these acids contain

structural groups similar to those present in oleic acid.

9-Tetradecenoic Acid {Myrisloleic Acid).

CH3{CH2)sCH : CH(CH2)7C02H

9-Tetradecenoic acid has been observed in animal milk fats,

depot fats, and in some marine oils. Since it is present only in

small amounts, its identity, for some time, was a subject of con-

siderable controversy. This acid is frequently referred to as

myristoleic acid, although this name is not uniformly employed.

In 1925, Armstrong and Hilditch stated that the myristoleic

acid which occurs in whale oil to the extent of 1.4% was mainly

9-tetradecenoic acid together with another tetradecenoic acid

which contained a double bond nearer the carboxyl group. Two
years later, Wagner obtained a similar acid, and the next year

Hilditch and Lovem ^ confirmed the presence of 9-tetradecenoic

acid in whale blubber oil. The acid has also been observed in

shark liver oil,^®**^®^ Antarctic whale oil,^®^ eel oil,^“ and in turtle

oil.^®^ Griin first suggested the presence of a tetradecenoic acid

in milk fats, and this was later confirmed by Bosworth and Brown
and also by Riemenschneider and Ellis.^® Subsequent work has

shown this tetradecenoic acid to be 9-tetradecenoic acid

This acid has also been reported in human milk fat and in a
number of the animal depot fats.^®® A tetradecenoic acid, believed

to be 9-tetradecenoic acid, has been recently isolated from Japanese
coccid wax.®® 9-Tetradecenoic acid is a liquid with 0.9018 and

1.4549.

5-Telradeccnmc Add. CH^{CH2)7CH\CH{CH2)^C02H
In 1923, Tsujimoto ^^® obtained from sperm and dolphin oils a

tetradecenoic acid which yielded myristic acid upon hydrogenation
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and gave pelargonic and glutaric acids upon oxidation. The sug-

gestion was made that this acid was 5-tetradecenoic acid and two
years later its identity was confirmed by the same investigator.^^^

Later work “ has served to distinguish this acid from the mjrrist-

oleic acid isolated by Armstrong and Hilditch.^®^ 5-Tetradecenoic

acid has been reported to be present in the whale head and blubber

oils and it has also been isolated from sardine oil, pilot whale

oil, and from sperm blubber oil.®^*^^^

The following physical constants have been observed for 5-

tetradecenoic acid: dj® 0.9081, 0.9046, ni) 1.4571, and

1.4552.

JrTetradecenoic Acid (Tsuzmc Acid).

CHs{CH2)sCH:CH(CH2)2C02H

Tsujimoto®^ has obtained a tetradecenoic acid from the seeds

of Tetradenia glauca and L. hypglaum which differed from the

tetradecenoic acid previously isolated from dolphin oil. Sometime

later he identified this acid as 4-tetradecenoic acid,^^® and proposed

the name tsuzuic acid. A similar acid has been subsequently

isolated from the seed oil of Lindera obtiisiloha and identified

as the 4- acid. 4-Tetradecenoic acid is, therefore, evidently a

common component of many tropical plant oils and is generally

found, together with its lower and higher homologs, in those oils

which contain lauric acid as the principal component acid.

The following physical constants have been reported for 4-

tetradecenoic acid: mp. 18.0-18 5°, 613 185-188°, dl^ 0.9055, df®

0 9024, nj) 1.4575, and 1.4557. The p-phenylphenacyl ester

melts at 61.3°.^^

Pentadecenoic Acids

Only two pentadecenoic acids have been synthesized, and since

the pentadecenoic acids do not occur in the naturally occurring

fats and oils our knowledge of this group is limited to these two
individuals.

IJir-Pmtadecenoic Add. CH2 •CH{CH^i2C02H

This terminally unsaturated acid has been prepared by the

malonic acid method from l-bromo-12-tridecene and diethyl

malonate in the presence of sodium ethylate.^®® The boiling point

reported was 195° at 8 mm.
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t^PeniadecenoicAcid. CHs(CH2)iiCH:CHC02H

This add has been prepared from myristic acid by Lauer,

Gensler, and Miller^ by conversion of the myristic add to the

corresponding ot-hydroxy acid and thence, by the action cl lead

tetraacetate, to tridecanal. The condensation of this aldehyde

with malonic add in the presence of p3rridine yidds 2-pentadecenoic

add. This method is similar to that employed by Zaar ^ for the

syntheses of several of the lower homologs of 2-pentadecenoic add.

The p-bromoanilide melts at 114-114.5^ and the amide at

112.6®.

Hexadecenoic Acids

Several of the possible hexadecenoic adds have been described.

One of these adds, 9-hexadecenoic acid, is found widely distributed

in the natural fatty substances. Although it does not occur in

large amounts in any particular oil, it is one of the most important

of the naturally occurring monoethylenic acids. 9-Hexadecenoic

add is the lowest molecular weight monoethylenic acid which

occurs in appreciable amounts in animal, vegetable, and marine

oils.

9-Hexadecenoic Add {Palmitoldc Add).

CHs(CH2)5CH : CH(CH2)7C02H

9-Hexadecenoic add occurs as a minor component in both the

animal and vegetable fats and oils and as a major component in

many of the marine oils. It appears to occur in the greatest

amounts in those fats which are representative of the lower forms

of animal and vegetable life, since fats derived from the higher

forms contain lesser amounts of palmitoleic acid, although it is

generally present in these substances as a minor component. The
structmal relationship oi this acid to oleic acid is noteworthy.

The first reported instance of the isolation of a hexadecenoic acid

from natural sources was announced by Hofstadter in 1864,

who obtained an acid corresponding to this composition from the

head oil of the sperm whale. The acid was named physetoldc

add, which name was retained for a considerable period of time.

In 1866, Gossmann and Scheven announced the presence of a

hexadecenoic add in peanut oil, an observation which was con-

firmed the next year by Caldwell and Gossmann and later by
Schroder.^® The acid from peanut oil was termed hypogaeic acid

and its melting point was reported to be 34-36®. At this period.
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therefore, two naturally occurring hexadecenoic acids had been

described, which were considered to be separate individuals.

Ph3rsetoleic acid has been obtained by Ljubarsky and by Bauer

and Neth from seal oil, and in 1906 Bull ^ isolated a hexa-

decenoic acid which melted at —1^ from cod liver oil. This latter

acid was considered to differ from the two previously described

hexadecenoic acids. This acid was frequently referred to as

^^Bull^s Cie Acid''; however, shortly after its isolation, Lew-
kowitsch ^ suggested the name palmitoleic acid. Ten years later

Bonnevie-Svendsen stated that this acid is also obtainable from

herring oil.

At least three hexadecenoic acids have been stated to occur in

the natural oils, which raises the question as to whether they are

structurally identical or are different acids. This question was
soon answered by proving that hypogaeic acid does not occur in

peanut oil and that the hexadecenoic acids of marine origin are

identical. The existence of hypogaeic acid in peanut oil was
severely questioned by a number of investigators.^®* ^* ^** “®* In

1919, Heiduschka and Felser^®^ expressed the view that it is

present in peanut oil in appreciable amounts; however, the later

work of Jamieson, Baughman, and Brauns,^®® followed by the

extensive investigation of Hilditch and Vidyarthi,^** has shown
hypogaeic acid to be non-existent. In 1924, Toyama obtained

a hexadecenoic acid, which he termed zoomaric acid, from whale

oil, which acid he considered to be identical with “BulFs Cie
Acid.” This acid was later identified in herring oil,^®® shark and
ray liver oils, and in other marine oils.^®**^®®*“^ Armstrong and
Hilditch later isolated a hexadecenoic acid from South Georgian

whale oil and established its structure as 9-hexadecenoic acid, and
two years later Toyama^*® announced a similar structure for

zoomaric acid. The work of these several investigators did much
to remove the confusion which existed relative to the hexadecenoic

acids, since it conclusively showed that acids such as physetoleic

acid, “Bull’s Cie Acid,” and zoomaric acid are identical with

palmitoleic acid, which is 9-hexadecenoic acid. The names pal-

mitoleic acid and zoomaric acid are still frequently employed

although their use is confusing.

9-Hexadecenoic acid has been shown to occur as a major com-

ponent in many of the marine oils. Hilditch and Lovem ob-

served its presence in substantial amounts in sperm-whale blubber

oil. Antarctic whale oil was reported^®® to contain 17% of 9-
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hexadecenoic acid, a value which is in agreement with one previ-

ously recorded.^** It has been observed to be present in turtle

oil to the extent of 10.9%. The acid isolated from the marine

oils has been shown, in all cases, to be 9-hexadecenoic acid. Until

comparatively recently it was considered that 9-hexadecenoic acid

was confined to the marine oils or to oils of aquatic plants and

animals. In 1928 Kawai observed the presence of a hexadecenoic

acid in tung oil and in linseed oil. Ten years later, Hilditch and

Jasperson^^^ stated that 9-hexadecenoic acid is apparently a

common component of most vegetable fats and oils. The amount
of 9-hexadecenoic acid present in the vegetable oils generally does

not exceed 1%. Among the many oils which have been reported

to contain 9-hexadecenoic acid may be mentioned: olive oil, tea

seed oil,^^ peanut oil,^^® cottonseed oil,^^^ and palm oil.^^ Many of

the animal depot fats have been reported to contain 9-hexadecenoic

acid.“'^^ For example, small amounts of this acid have been

observed in the depot fats of oxen, sheep, and pigs.^®®*^^^ Hilditch

and coworkers have reported the presence of 9-hexa-

decenoic acid in the fats of various fowls, reptiles, and rodents.

9-Hexadecenoic acid has been observed to occur in milk fats.®®*®®-^®®

Bosworth and Brown®* have reported its presence in the fatty

acids of butter fat. It has also been observed in egg yolk oil.^®^

The vegetable phosphatides contain from 5 to 10% of 9-hexa-

decenoic acid,^“ and it is also found in the liver phosphatides.^®*

Chargaff has reported it to be present in the fat and phosphatide

fractions of diphtheria bacteria. A hexadecenoic acid has been

obtained from lycopodium oil by Rathje,^®* and it appears that

this acid is one of the components of the lycopodiumoleic acid

previously reported as present in this oil.^®® An exhaustive inves-

tigation of this oil by Riebsomer and Johnson showed that the

unsaturated portion of the oil of lycopodium spores contains 35%
of 9-hexadecenoic acid.

It is apparent that 9-hexadecenoic acid is widely distributed in

animal, vegetable, and marine oils. It forms a major component

in various marine animal oils and also in oils from other forms of

aquatic life. Fats of sea algae, for example, contain as much as

20% of this acid ^®* while certain marine oils contain even larger

amounts. The fats of fresh water fish contain somewhat less 9-

hexadecenoic acid than those of marine origin, and the fats of

amphibious animals, such as frogs, are intejmediate between land

and marine animals. The higher animal depot fats contain much
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smaller amounts of this acid^ and it is unusual for a vegetable oil

to possess over 1%. These observations have been summarized
by Hilditch/“ who has commented upon the progressive decrease

in the amount of 9-hexadecenoic acid present in a fat and the posi-

tion of its source in the evolutionary scale of development.

7-Hexadecenoic Add, CHz{CH2)7CH\CH{CH2)bC02H

A hexadecenoic acid which melts at 21° has been obtained by
Marasse by the action of fused potassium hydroxide upon
stearolic acid. This work was later repeated by Bodenstein,^

who found the acid to be 7-hexadecenoic acid.

^-Hexadecenoic Add. CH^{CH2)12CH :CHCO2H
Ponzio has prepared 2-hexadecenoic acid by the action of

alcoholic potassium hydroxide upon 2-iodopalmitic acid. The acid

melted at 45°.

Heptadecenoic Acids

Only one of the heptadecenoic acids has been synthesized, and

our knowledge of this series of acids is, therefore, limited to this

one member. The saturated counterpart of the heptadecenoic

acids, margaric acid, was frequently reported to be present in the

natural fats; however, no such claims have been made for the

heptadecenoic acids.

2-Heptadecenoic Acid. CH^{CH2)uCHiCHC02H
This acid has been prepared by Lauer, Gensler, and Miller

by the malonic acid synthesis employing pentadecanal and malonic

acid in the presence of pyridine. The reported melting point of

the acid is 57.5° and of its p-bromoanilide, 115-116°.

OCTADECENOIC AciDS

The monoolefinic fatty acids containing eighteen carbon atoms

constitute the most important group of the mono-unsaturated

fatty acids. Interest in them is largely due to the presence in

this series of oleic acid, 9-octadecenoic acid. This acid occurs

more abundantly in nature than any other fatty acid and is so

widely spread among fatty substances that it can be said to be of

almost universal occurrence. Much of our very early knowledge

concerning the fatty acids is associated with oleic acid, and work

upon it has resulted in many of our present-day views regarding
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cie4rans isomerism, position isomerism, hydroxylation, oxidative

cleavage^ hydrogenation, and other characteristic behaviors. The
structural resemblance of many of the more important fatty acids

to oleic acid exemplifies its key position among the unsaturated

acids. Because of the prominence of oleic acid the members of

this group are frequently referred to as “the oleic acids.” The
name oleic acid designates the cis acid which contains a double

bond between the ninth and tenth carbon atoms, and the name
isodleic applies to an acid with its double bond in any other posi-

tion. The trans isomeride of oleic acid is termed elaidic acid, and

the name isoelaidic acid is likewise frequently employed to des-

ignate the trans form of any other member of this group.

Thirty-one octadecenoic acids are theoretically possible, sixteen

of which possess a cis and fifteen a trans structure. Oleic acid and

petroselinic acid, 6-octadecenoic acid, are naturally occurring,

and both of these acids possess a cis configuration. Many of the

other octadecenoic acids have been prepared synthetically; how-

ever, several of the members of this group have not, as yet, been

described. As a consequence, broad generalizations with reference

to the effect of the position of the double bond upon the physical

properties of the octadecenoic acids are rather hazardous. The
configurations of many of the acids which have been obtained by
synthetic methods have not been rigidly proved, so that some
question exists as to whether the reported properties relate to the

cis or the trans form or to a mixture of the two. This fact, com-
bined with the absence of many of the members of this group,

renders our knowledge of the series as a whole somewhat incom-

plete. Fokin has stated that if the double bond is between an
even and an odd carbon atom (beginning with the carbon atom of

the carboxyl group) the acid is a solid, whereas if it is between an

odd and an even carbon atom the acid is a liquid. This statement

refers only to the cis forms, and considerable work would have to

be done before it is proved or disproved. In line with the observa-

tions upon the geometrical isomers of other types of compounds,
the trans forms of these acids possess higher melting points than

the corresponding ds forms. Since the question of isomerism

constitutes a separate chapter it will not be extensively discussed

at this time.

Mctadecenoic Acid. CH^{CH2)iaPH:CHC02H
Pure 2-octadecenoic acid was first prepared by Ponzio by the

action of alcoholic potassium hydroxide upon 2-iodostearic acid.
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The latter compound was prepared from 2-bromostearic add,

which was obtained by the action of bromine and phosphorus upon
stearic acid. Le Sueur prepared 2-octadecenoic add by the

action of alcoholic potassium hydroxide upon 2-bromostearic add
and proved its structure by oxidation to palmitic add. The de-

composition of 2-hydroxystearic add has been claimed by Sayt-

zeS to yield the 2-unsaturated add. The fusion of oleic add
with molten potasdum hydroxide results in a mixture of solid

adds which Saytzeff considered to be essentially 2-octadecenoic

acid. This observation led to the erroneous supposition that

ordinary oleic acid is 3-octadecenoic add. The structure of 2-

octadecenoic acid has been extensively studied by Semeria,^®® who
observed that it formed solid solutions with stearic acid. Since

only the trans configuration of ethylenic acids gives solid solutions

with saturated acids, he concluded that the synthetic acid is the

trans form. This explains the high melting points reported, 69^

by Ponzio and 58-59^ by Le Sueur, and also the latter’s observa-

tion that no isomerization was observed when the synthetic add
was treated with nitrous acid. 2-Octadecenoic acid has been

frequently reported to be contained in the so-called isodleic acids

formed during the hydrogenation of unsaturated fats. Its presence

is attributed either to the migration of the double bond or to the

dehydrogenation of stearic acid under the influence of the various

catalytic materials employed. It is frequently referred to as

2-oleic add, although this name is particularly confusing especially

in the light of the possible trans structure of the acids so far de-

scribed. 2-Octadecenoic acid has not been reported in the nat-

urally occurring fats.

S^ctadecenmc Acid, CHs(CH2)isCH:CHCH2C02H
3-Octadecenoic acid has been prepared by Eckert and Halla ^®^

by the action of alcoholic potassium hydroxide upon 3-iodostearic

acid. The melting point was reported to be 56-57°. Saytzeff

considered oleic acid to be 3-octadecenoic acid; however, this

supposition has since been shown to be erroneous. 3-Octadecenoic

acid has not been found in the natural fats and oils.

4-Octadecenoic Acid. CHz{CH2)i2CH :CH (0^2)2^02!?
Eckert and Halla ^®' have reported the formation of this add as

a secondary product during the action of alcoholic potassium

hydroxide upon 3-iodostearic acid. The position of the double
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bond was established by its oxidation to myristic acid. It melts

at 52.5°, and has not been observed in the naturally occurring

fats and oils.

S^ctadecmcyic Acid. CH^{CH2)iiCH\CH{CH2)zC02H
The addition of hydrogen iodide to 5-stearolic acid followed by

reduction of the product with zinc and acetic acid has been re-

ported by Postemak to yield the tram form of 5-octadecenoic

acid, melting at 47.5°. Egorov has claimed the preparation of

5-octadecenoic acid by fusing oleic acid with potassium hydroxide.

The product melted at 42-43° and may be the cts form of this acid.

5-

Octadecenoic acid is not present in the naturally occurring fats

and oils.

6-

Octadecerioic Acid (Petroselinic Acid).

CH^(PH2)ioCHiCH{(CH2)aC02H

6-Octadecenoic acid was first described by Vongerichten and

Kohler, who isolated this acid from parsley seed oil and named
it petroselinic acid. These authors determined the position of the

double bond by the isolation of lauric acid from its oxidation

products. The following physical constants were reported: m.p.

33-34°, 0.8681, and 1.4533. The naturally occurring acid

possesses a cis configuration since Vongerichten and Kohler

observed that it yielded an acid melting at 54° when treated with

nitrous acid. The resulting acid is the tram form of 6-octadecenoic

acid. Several years later, Palazzo and Tamburello obtained an

acid identical with petroselinic acid from ivy seed oil. A careful

analysis of parsley seed oil by Hilditch and Jones showed that

the acids contain 76% of petroselinic acid and established the

structure of the acid as 6-octadecenoic acid. The acid so obtained

melted at 30°, a value which was confirmed by van Loon.^^®

Hilditch and others later reported petroselinic acid to be pres-

ent in a number of umbellate fats. The constitution of petrose-

linic acid has been confirmed by several investigators.^^’

An acid has been obtained from coriander seed oil in 36.1% yield,

and this acid has been shown to be identical with that obtained

from parsley seed oil.^^® The following physical constants were

reported for 6-octadecenoic acid : m.p. 32-33°, df® 0 8824, d^ 0.8794,

and nf) 1.4535. In 1912, Matthes and Boltze isolated an acid,

which they named cheiranthic add, from wallflower seed oil. This

add was thought to be identical with petroselinic acid; however.
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subsequent work has indicated it to be a mixture rather than a
chemical individual. Hartley has described an acid, considered

to be 6-octadecenoic acid, which he isolated from the fatty acids

of liver lecithin. The structure of this acid is still in question.

7’^(iadecen<nc Acid. CHz(CH2)9CH:CH(!CH2)sC02H

Postemak has claimed the formation of 7-octadecenoic acid

by the addition of hydrogen iodide to 7-stearolic acid followed by
reduction of the product with zinc and acetic acid. The resulting

acid melted at 45.6® and was assumed to be trans-7-octadecenoic

acid. An acid considered to be 7-octadecenoic acid has also been

obtained by the migration of the double bond of 6-octadecenoic

acid when treated Avith nickel carbonate. The following physical

constants were reported: m.p. 51-52®, 0.873, and nf) ^ 1 4450.

The removal of hydrogen bromide from 7-bromostearic acid by
means of alcoholic potassium hydroxide has recently been shown
by Pigulevskii and Simonova to result in a 13% yield of 7-

octadecenoic acid melting at 52®. The acid has not been reported

in the naturally occurring fats and oils.

8-Octadecenoic Acid. CHz{CH2)%CHiCH{CH2)^C02H

Amaud and Postemak have reported the isolation of 8-

octadecenoic acid from the product obtained by the action of

alcoholic potassium hydroxide upon 9-iodostearic acid. These

authors have also studied the products of the dehydration of

lO-hydroxystearic acid and have reported the presence of sub-

stantial amoxmts of 8-octadecenoic acid. Both the cis and trans

forms of 8-octadecenoic acid are formed by dehydration or by

dehydrohalogenation of lO-hydroxy- or lO-halostearic acid. These

latter compounds are readily formed from oleic acid by hydration

or hydrohalogenation of its ethylenic bond. Actually, how^ever,

such reactions generally yield a mixture of isomeric acids. Recent

studies of the action of sulfuric acid upon oleic acid followed

by hydrolysis of the addition product show that both 9- and 10-

hydroxystearic acids are present, the dehydration of which will

result in a mixture of isomeric acids.

The migration of the double bond of oleic acid in the presence

of catalysts at elevated temperatures has been the subject of

appreciable study for a number of years. The formation of pal-

mitic acid by the fusion of oleic acid with potassium hydroxide,

which was observed as early as 1840 by Varrentrapp,^®® can best
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be escplained by a shift in the position of the double bond under

these conditions. It is, therefore, bdieved that the treatment of

fatty acids with strong alkalies brings about a migration of the

ethylenic bonds toward the carboxyl group. The advent of

catalytic hydrogenation resulted in an increased interest in the

study of ethylenic bond migration in an attempt to explain the

formation of the so-called isodleic acids during such processes.

The formation of these isodleic acids may be accounted for by
several processes, such as dehydrogenation, selective hydrogena-

tion, and ethylenic bond migration. All these processes may take

place simultaneously, especially at high temperatures. Migration

of the double bond in oleic acid in the presence of various metallic

catalysts will result in the formation of appreciable amounts of

both 8- and 10-octadecenoic acids. This subject is treated in

detail in a later chapter; however, it is of interest at this time to

call attention to some of the more recent work in this field.

Moore, Hilditch and Vidyarthi,^** Steger and Scheffers,^*® and
many others have shown that the 9-bond of oleic acid and also

of elaidic acid shifts in both directions during catal3rtic hydrogena-

tion, and it is well known that the partial hydrogenation of un-

saturated fatty oils leads to the formation of isomeric oleic acids.

Bauer and Krallis have shown that heat alone in the presence

of various metallic catalysts brings about a migration of the

ethylenic bond in oleic add, the main products being the cis and
trans forms of 8- and 10-octadecenoic acids, the latter apparently

predominating.

Q-Octadecenoic Adds (Oleic Add, Elaidic Add),

CH^(CH2)7CH :CH(CH2)iC02H

Oleic acid is found more abundantly in nature than any other

fatty add. It constitutes a major component in many of the fats

and oils and is present in essentially all fatty substances. Its

trans isomer, elaidic add, has been known for many years. The
isomerization of oleic acid to elaidic acid is of interest not only

because of the importance of the compounds involved, but also

because many of our present views concerning geometrical isomer-

ism were developed from a study of this equilibrium.

Oldc Add
Oldc add was first described by Chevreul in 1815, who isolated

it in an impure form during his investigations of the constitution

of fatty substances. The position of the double bond in oleic acid
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was not definitely proved until many years after its discovery.

Varrentrapp reported in 1840 that the fusion of oleic acid with

potassium hydroxide 3delds palmitic add and considered that the

ethylenic bond is between the second and third carbon atoms. It

was reported at an early date by several investigators

that the oxidation of oleic acid with nitric acid yields a mixture of

saturated acids. Sairtzeff observed that the oxidation of oleic

acid with potassium permanganate produces a dihydroxystearic

acid and that the use of an excess of permanganate yields azelaic

acid together with other products. The presence of azelaic acid

in the oxidation products was confirmed by Spiridonoff.“® The
first rigid proof of the position of the double bond in oleic acid was
developed by Baruch during the course of his investigations of

the constitution of stearolic acid. Oleic acid was brominated to

give dibromostearic acid, which was treated with alcoholic potas-

sium hydroxide to give the acetylenic acid, stearolic acid. When
this was treated with concentrated sulfuric acid it yielded a keto-

stearic acid which forms a ketoxime capable of existing as two
stereoisomers. The rearrangement and decomposition of these

ketoxime stearic acids by treatment with fuming hydrochloric acid

at 180-200® proceeds as follows:

(I) CH3(CH2)7C(N0H)(CH2)8C02H CH3(CH2)7C0NH(CH2)8C02H

+ CH8(CH2)7NHC0(CH2)8C02H

(II) CH,(CHi!)7CONH(CHs)gCX)*H5^CH,(CH2)7CO*H +H»N(CH*)8C0*H
Nonanoic acid O-AimnonoiiaBoic aad

HcO
(III) CH8(CH2)7NHC0(CH2)8C02H

CH3(CH2)7NH2 + H02C(CH2)8C02H
Octylanune Sebacic aad

Isolation of the above products showed that the acetylenic bond
in stearolic acid is between the ninth and tenth carbon atoms and

consequently that the starting acid, oleic acid, is 9-octadecenoic

add. Baruch assigned a trans structure to oleic acid and a cis

structure to elaidic acid. Several years later, Edmed obtained

both azelaic acid and pelargonic acid by the oxidation of oleic

acid with either potassium permanganate or chromic acid. The
action of ozone upon oleic acid was investigated simultaneously

by Molinari and collaborators and by Harries and associates.^*^

These essentially concurrent investigations resulted in a bitter

controversy regarding the reaction mechanism. The production of

azelaic and nonanoic acids together with nonanal and azelaic acid
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semi-aldehyde, the relative amounts of which are dependent upon

the conditions employed for the decomposition of the ozonides,

served to confirm the structure of oleic acid as 9-octadecenoic acid.

The fact that the double bond in oleic acid is between the ninth

and tenth carbon atoms has since been proved by several inves-

tigators, among whom may be mentioned Armstrong and Hil-

ditch,^ who obtained high yields of both azelaic and nonanoic acids

by the oxidation of alkyl oleates with potassium permanganate in

acetone solution.

All methods which depend upon cleavage of an ethylenic bond

for establishing its position in an alkyl chain must assume that

there has been no migration of the unsaturated bond either preced-

ing or during the cleavage reactions. Since synthetic reactions are

generally free from such objections, the structure of oleic acid

was not absolutely proved until its synthesis had been successfully

accomplished. This was completed in 1934 by Noller and Ban-

nerot,®*^ who employed the following series of reactions. 9-

Chlorononanal was first treated with bromine in carbon tetra-

chloride and with hydrogen bromide in methanol to give 8,9-

dibromo-9-methoxynonyl chloride, Cl(CH2 )7CHBrCHBr(OCH3).

The reaction of this compound with octylmagnesium bromide,

followed by hydrolysis of the resulting product, yielded 8-bromo-9-

methoxyheptadecyl chloride, Cl(CH2)7CHBrCH(OCH3)(CH2)7
-

CH3. The reduction of this compound by zinc and 1-butanol gave

8-heptadecenyl chloride, which upon treatment with potassium

cyanide and subsequent hydrolysis of the nitrile yielded a mixture

of CIS- and ^rans-9-octadecenoic acids. The mixture contained

37% of the cis form and 63% of the trans form, and these com-

pounds possessed the known properties of oleic and elaidic acids

respectively. Although the work of Noller and Bannerot was the

first complete synthesis of oleic and elaidic acids, the previous

work of Robinson and Robinson can be stated to have indirectly

proved the structure of this acid by synthetic means. These

authors prepared 10-ketostearic acid by treating ethyl 2-sodio-2-

acetylnonanoate with 9-carbethoxynonanoyl chloride, the product

of which condensation yielded 10-ketostearic acid upon decom-
position and subsequent hydrolysis. The reactions are as follows:

CH3(CH2)6CNa(C0CH8)(C02C2H6) + C1C0(CH2)8C02C2Hb —
CH8(CH2)6C(C0CH8)(C02C2H5) CH8(CH2)7C0(CH2)8C02H

(!x)(CH2)8CX)jC,H5
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The conversion of the 10-ketostearic acid to stearolic acid was not

successfully accomplished. It is known, however, that 10-keto-

stearic acid is produced from stearolic acid by the action of sulfuric

acid and also that stearolic acid can be reduced to oleic acid. In

view of the previous work of Baruch upon the structure of

stearolic acid, it can be considered that this synthesis by Robinson

and Robinson constituted an indirect proof of the structure of oleic

acid. The formation of methyl oleate by the vapor-phase dehydro-

genation of methyl stearate in the presence of nickel and ethylene

at 190-200® has recently been reported by Margaillan and Angeli.^®

Oleic acid occurs in substantial amounts in all the animal,

vegetable, and marine fats and oils. It constitutes the principal

fatty acid in the animal depot fats, the amount present being

dependent upon the species of animal, its diet, and its environment.

For example, ox depot fats have been found to contain about

40% of oleic acid, hog depot fats **204 from 40 to more than 50%,
and horse depot fats approximately 50%. All the vegetable

fats contain oleic acid, in a number of which it occurs in quite

high percentages. It is present in olive oil
142. 207. 208. 209. 210

extent of approximately 70 to 85%, in almond oil to more than

75%, and in cashew kernel oiP“ in a slightly lower amount.

Oils such as olive oil and almond oil are frequently used as a source

of oleic acid. Other common oils of vegetable origin which contain

substantial amounts of oleic acid are: palm oil, 40-42%; pumpkin
seed oil,*^^ 25%; cottonseed oil,®^® 35%; peanut oil,^®^ 53-61%;
cantaloupe seed oil,^^® 27%; com oil,*^^ 45%; squash seed oil,^^^

37%; soybean oil,®^® 33%; sunflower seed oil,^ 33%; and tobacco

seed oil,22^ 26%. It is present in much smaller amounts in palm

kernel oil,”^ coconut oil,“®’^®^ and many other oils. The marine

oils, particularly the marine animal oils such as whale oil,^^®

contain appreciable amounts of oleic acid. From the above

examples it is apparent that oleic acid is found quite abundantly

in fatty substances, and that its distribution is in no wise confined

to one type of fat.

Pure oleic acid is extremely difficult to prepare from the naturally

occurring oils; however, it has been separated in a reasonably pure

state from several of the oils in which it is present in large amounts.

The separation of oleic acid from other acids is discussed later,

and only several of the general methods for its preparation from

the natural oils will be mentioned at this time. Oils such as olive

oil or almond oil, which are quite high in oleic acid, are customarily
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employed for its laboratory preparation. They contain, in addition

to oleic acid, significant amounts of saturated adds and of adds

more unsaturated than oldc add. The problem, therefore, is to

separate oleic add from both the saturated and the more highly

unsaturated adds. Saturated adds, esters, and salts possess

higher melting points, lower solubilities in organic solvents, higher

boiling points, and more pronounced crystalline properties than

unsaturated acids and their derivatives of comparable chain length.

Advantage is, therefore, taken of one or more of these differences

in characteristics in order to effect a separation. The separation of

solid from liquid fatty adds was first accomplished by extracting

their lead soaps with ether.^*®*®®* Twitchell ^ later modified this

method by crystallizing the lead salts from 96% ethanol. This

procedure effects a rough separation of oleic acid from the saturated

acids and can be employed as a preliminary step. In 1925, Lap-

worth, Pearson, and Mottram^* described a method for the

preparation of pure oleic acid which included the separation of the

adds as lead salts, fractional distillation followed by repeated

crystallization of the bariiun salts, and finally another fractional

distillation. Scheffers has claimed the preparation of pure oleic

acid from olive oil by a preliminary crystallization of the acids as

lead salts followed by repeated fractional crystallizations of the

lithium salts from 50% ethanol. The preparation of oleic acid,

completely free from linoleic add and containing only a fraction

of 1% of saturated fatty acids, was reported by Bertram.*®® The
method depends upon the formation of a complex between the

oldc acid and mercuric acetate, followed by a crystallization of

the oleic acid from acetone solution. A modification of Bertram’s

method was later proposed by Raymond.*®^ A method involving

the fractional crystallization of the lead salts, barium salts, and
finally the lithium salts has been investigated by Skellon,*®* and

Keffler and McLean *®® have proposed the crystallization of the

lead and lithium salts followed by fractional distillation. Hart-

such *®® has reported the preparation of a sample containing 97.8%
oleic add by several crystallizations of olive oil fatty adds from

acetone at low temperatures, followed by the removal of the

saturated acids as lead soaps, in ethanol, and a final fractional

distillation. The method recently described by Brown and

Shinowara *®® is one of the most satisfactory yet proposed for the

preparation of oleic add. This method involves the separation of

oldc acid from saturated adds and linoldc add by a series of
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crystalliiEatioiis of the add mixture from acetone at low tempera-

tures. The procedure as described by Brown is as follows:

A solution of 225 g. of olive oil fatly acids in 3450 cc. of acetone

was cooled to —20^0. overnight and filtered. The filtrate was cooled

to —60^C. in a dry ice-alcohol bath and again filto*ed. The resulting

crystal fraction was subjected to three further crystallizations at

~60"C., each time from 2000 cc. of acetone. By this procedure the

more soluble linoleic acid was removed in the several filtrates. After

these four crystallizations at — 60**C., the product was made up to

1250 cc. with acetone and cooled slowly to the first appearance of

crystals, about —35^C. Although this crystal crop was largely oleic

acid, it contained some additional saturated acids which had not

been removed by the first separation at — 20*^0. The product remain-

ing in the filtrate was oleic acid, the analytical constants of which were

identical for practical purposes with those of another specimen obtained

by a similar procedure which included, however, six crystallizations at

-60®C.

A method combining fractional distillation with crystallization

from acetone for the separation of pure oleic acid has been studied

by Smith, and Wheeler and Biemenschneider 2*® have prepared

methyl oleate of 99.6% purity by a procedure combining crystal-

lization and fractional distillation. Recently, very pure specimens

of methyl oleate and oleic acid have been prepared from olive oil

by Brown and coworkers,®*® the procedure differing from that

previously described in that the Cig methyl esters were repeatedly

crystallized from methanol. The procedure as described by Fore-

man and Brown is as follows:

The C18 esters of olive oil were especially purified by two distillations

through the column mentioned above. Methyl linoleate was then

removed by five to six recrystallizations from methyl alcohol at —60®.

The four per cent methyl stearate remaining in the oleate was then

cautiously removed by cooling dilute solutions in methyl alcohol to

about —30 to —34®. The constants of the final oleic acid indicated it

to be about 99.8 per cent pure.

Details for the preparation of pure oleic acid from a number of

fats and oils of both animal and vegetable origin are described in

the article by Millican and Brown.

Pure oleic acid has the following physical constants: m.p. 13^,

bi 2 200-201°, h 215-216°, 610 225-226°, bis 234-235°, 4® 0.898,

0.895, df 0.887, df 0.875, ng* 1.45823, and ni? 1.44179. Oleic
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acid apparently exhibits dimorphism, crystallizing in two
forms one of which melts at 13° and the other at 16°.

Several octadecenoic acids described m the literature have been

shown upon further investigation to be ordinary oleic acid. Among
these may be mentioned rapic add, which Reimer and Will

first obtained from rape oil and which Zellner^ considered to be

an isomer of oleic acid. A reexamination of this acid by Grabner,^^^

and later by Hilditch, Riley, and Vidyarthi,^^ showed it to be

identical with oleic acid, and consequently rapic acid has no
separate existence.

Elaidic Acid

The treatment of oleic acid with isomerizing agents, such as

nitrogen oxides, results in the formation of an equilibrium mixture

of oleic acid and its higher-melting trans isomeride, elaidic acid.

The equilibrium mixture contains approximately 66% of elaidic

acid and 34% of oleic acid; and since this composition can be

obtained by starting with either pure component, the reaction

represents a true isomeric equilibrium. In spite of the fact that

the physical properties of elaidic acid clearly indicate it to be the

trans isomer, it was not so considered for many years. It has now
been conclusively shown that oleic acid is cis-9-octadecenoic acid

and that elaidic acid is its trans isomeride, the respective struc-

tures being as follows:

CH3(CH2)7CH CH8(CH2)7CH

H0!!C(CH!!)7<!!:H H<!!!(CH8)7C02H
Oleic acid—cis Elaidic acid—trans

The trans structure of elaidic acid has been shown by the fact

that it forms solid solutions with saturated fatty acids, j^y

x-ray investigations,^^ and by monomolecular-film studies.^®*

Elaidic acid does not occur in the natural fats and oils. Our
familiarity with this acid dates back well over one hundred years

to the observations of Poutet.^^ In studying a method proposed

by Boyle in 1661 for the preparation of ointments, Poutet found

that when olive oil was treated with a concentrated solution of

mercurous nitrate its consistency became comparable to that of

pork fat. Thirteen years later, Boudet studied the action of

nitrous acid upon oleic acid and succeeded in preparing elaidic

acid, which he reported to melt at 51.5°. The action of nitrous

acid upon oleic acid was then investigated by Meyer Gottlieb,2®®
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and Lidow,*“ and later Jegorow*®* showed that the action of

nitrogen oxides is catalytic in nature and that large amounts of

the reagent lead to the formation of complex addition products.

In 1894, Sa3rtzeff*“ observed that oleic acid was converted to

elaidic acid by the action of sulfurous acid or a saturated solution

of sodium bisulfate, and later Fokin reported a similar change

in the presence of phosphorous acid. Fokin suggested that only

those substances which are capable of existing in two modifications

will bring about this isomerization; however, Rankoff has pro-

duced isomerization by the use of sulfur or phosphorus in the

presence of water. In 1932, GriflSths and Hilditch published a

comprehensive study of the elaidin reaction in which they con-

firmed the fact that the conversion is an equilibrium reaction, the

equilibrium mixture containing 66% of elaidic acid. These authors

further stated that Poutet^s reagent is preferable to nitrogen

oxides because of the tendency of the latter to form addition

products. Small amounts of the catalyst and low temperatures

favor the formation of elaidic acid.

Of the large number of catalysts which have been investigated

for the conversion of oleic to elaidic acid, selenium appears to be

by far the most effective. Its use for the preparation of elaidic

acid was first proposed by Bertram,®*® who reported it to be capable

of bringing about isomerization at 150-220° when as little as 0.003-

0.1% is employed. The heating of triolein for eight hours with

0.3% selenium yields the equilibrium mixture, and compounds of

selenium such as hydrogen selenide, selenium dioxide, and selenium

dibromide w^ere also found to be effective. Tellurium and its com-

pounds are capable of bringing about this conversion, but they

have not been so extensively studied as selenium. Bertram is of

the opinion that the isomerization is brought about by the addition

and elimination of unstable hydrogen compounds.

Elaidic acid is a solid which melts at 44 5°.i82,26i distils with-

out decomposition at reduced pressures, the follo^ving boiling points

having been reported: 610 225°, bis 234°, 630 251.5°, and bso 266°.

KWctadecenoic Acid. CH^{CH2hCH:CH{CH2)%C02H

This acid was first described by Saytzeff,^®* who obtained it by

the action of alcoholic potassium hydroxide upon 10-iodostearic

acid, and also by the distillation of 10-hydroxystearic acid. Iso-

oleic acid has been considered to consist essentially of lO-octa-

decenoic acid.®*® A study of the dehydration of 10-hydroxystearic
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add^ has shown that both da- and /rona-lO-octadecendc adds

and also oldc add are present in the reaction product. According

to Bauer and Panagoulias,^ lO-octadecenoic add is formed when
oldc add is treated with zinc chloride. The heating of 10-chloro-

stearic add with nickel carbonate has been observed to yidd

10-

octadeoenoic acid, indicating that the double bond is diifted

towards the methyl group rather than towards the carboxyl group

under these conditions. During the hydrogenation of both oleic

and daidic adds the double bond shifts from the 0-position to

both the 8- and the 10-positions,^^* and according to Bauer and

Krallis the double bond of oleic acid is shifted when this acid

is heated alone in the presence of copper or nickel catal3n3ts. Under
these conditions, however, the shift is preferentially to the 10-

position rather than to the 8-position. Hilditch and Vidyarthi

have reported the formation of methyl 10-octadecenoate during

the hydrogenation of methyl oleate.

The question as to the natural occurrence of 10-octadecenoic

acid has not been conclusively settled. It has been reported to be

present in the fatty adds of pig liver,“* although Hartley ^ be-

lieves this to be 6-octadecenoic acid.

lO-Octadecenoic acid melts at 44r-45®; its other physical con-

stants are dt® 0.8757 and 1.4494. These values are probably

questionable, since they may refer to a mixture of the cis and trans

isomers.

11-

^ctadecenoic Acid {Vaccenic Add).

CHs(CH2)5CH : CH(CH2)9C02H

Both the CIS and trans forms of 11-octadecenoic acid have

apparently been prepared. The cis modification was first described

by Fokin,^® who reported its preparation along with 12-octa-

decenoic acid by the action of alcoholic potassium hydroxide on

12-

bromostearic acid. Later, Fokin*®® reported the formation

of both 11- and 12-octadecenoic acids by the action of phosphoric

anhydride upon 12-hydroxystearic acid. The 12-hydroxystearic

add was obtained by the hydrc^enation of ricinoldc acid in the

presence of platinum. He reported the melting point of cis-11-

octadecenoic acid to be &-8°. The dehydration of 12-hydroxy-

stearic add was subsequently studied by Grim and Czerny*®®

who reported that it gave a mixture of ds- and ^rans-ll-octa-

decenoic adds, the former melting at 9.8-10.4^ and the latter at

39.6®. It is possible, however, that the latter add is actually 12-
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octadeoenoic acid. The partial hydrogenation of eleostearic add
has been claimed by Bdeseken and van Krimpen to result in

the formation of an add which they considered to be 11-octar

decenoic acid.

It is fairly well established that 11-octadecenoic add occurs in

several of the animal fats. An acid termed vaccenic acid has been

isolated by Bertram from beef fat and it was later observed

by Grossfeld and Simmer ^ to be present in mutton fat (1-2%),

beef fat (1.6%), hog fat (0.2%), and butter (1-4.7%). The
structure of vaccenic acid, as 11-octadecenoic acid, was proved

by its oxidation to heptanoic add and undecanedioic acid,

H02C(CH2)9C02H. The melting point of 39° reported by
Bertram ^ for vaccenic acid is of interest owing to the much lower

value observed for the synthetic 11-octadecenoic acid. Recent

work has indicated that vaccenic add possesses growth promoting

properties,^* and the biological fimction of this acid is the subject

of several current investigations.

lU)dadecenoic AM. CHz{CH2)^CH:CH{CH2)x^C02H

12-Octadecenoic acid is formed together with its ll-isomer by
the action of alcoholic potassium hydroxide upon 12-bromostearic

acid,^®* and also by the dehydration of 12-hydroxystearic acid in

the presence of phosphoric anhydride.*®* Its melting point was

reported to be 33-34°.

The presence of 12-octadecenoic acid has been observed in the

glycerides of partially hydrogenated peanut oil by Bauer and
Mitsotakis.*^^ The formation of 12-octadecenoic acid under these

conditions is due very probably to the selective hydrogenation of

the 9-ethylenic bond of linoleic acid. Hilditch and Vidyarthi

have stated that an appreciable amount of methyl 12-octar

decenoate is formed during the partial hydrogenation of methyl

linolenate. More recently, Puzanov*^® has reported the forma-

tion of 12-octadecenoic acid during the partial hydrogenation of

sunflower seed oil. It is generally assumed that when the poly-

ethylenic acids or their esters are hydrogenated, the reduction

takes place preferentially at those bonds furthermost from the

carboxyl group; however, that there are exceptions to this gen-

eralization has been shown by the above-reported observations.

Other Octadeoenoic Acids

The octadeoenoic acids from 13- to 17-octadecenoic acid have

not been synthesized, nor has their presence been observed in the
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naturally occurring fats and oils. Several octadecenoic acids have

been reported to occur in whale oil; however, their constitution

has not been established.^®^* 15-Octadecenoic acid has been

stated by Bauer and Ermann to be formed during the hydro-

genation of linolenic acid.

Nonadecenoic Acids

The nonadecenoic acids are not found in the naturally occurring

oils and fats. Two straight-chain, monoethylenic acids containing

nineteen carbon atoms have been reported to be present in natural

oils; however, both of these instances were subsequently shown to

be cases of mistaken identity. In 1848, Scharling described an

acid obtained from Arctic sperm oil which he considered to be a

nonadecenoic acid and to which he gave the name doeglic acid.

Many years later Bull showed doeglic acid to be a mixture of

oleic acid and gadoleic acid (9-eicosenoic acid). The name doeglic

acid, therefore, should be dropped from the literature. Another

nonadecenoic acid, termed jecoleic acid, has been stated by Heyer-

dahl 280 to be present in cod liver oil. Its existence was postulated

upon the observation that the oxidation of cod liver oil acids with

potassium permanganate yielded a so-called dihydroxyjecoleic

acid, C19H38O4 Bull, however, considered jecoleic acid, like

doeglic acid, to be a mixture of oleic and gadoleic acids.

^-Nonadecenoic Acid, CHs(CH2)i5CH:CHC02H

2-Nonadecenoic acid is apparently the only member of this

series which has been synthesized, Oskerk 281 having described its

preparation by the removal of hydrogen bromide from 2-bromo-

nonadecanoic acid. The latter acid was prepared by the action

of bromine and phosphorus on nonadecanoic acid.

Eicosenoic Acids

At least two eicosenoic acids occur in the natural fats and oils

and one of these, 9-eicosenoic acid (gadoleic acid), is found rather

widely distributed in the marine animal and fish oils.

9-Eico8enoic Add (Gadoleic Acid),

CH3(CH2)9CH:CH(CH2)7C02H

Gadoleic acid was first described by Bull,^28 isolated it

during his investigation of the fatty acids of cod liver oil. Bull

further observed that doeglic and jecoleic acids, which had previ-
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o\iAy been stated to be contained in cod liver oil, were actually

mixtures of gadoleic acid with oleic acid. Gadoleic acid has sub-

sequently been found to be a common component of the fish and

marine animal oils, in some of vrhich it is present in appreciable

amounts. Lexow reported 11.7% of gadoleic acid in herring oil,

and Toyama and associates have reported it in shark and ray

liver oils and whale oil. It has been stated to be present in shark

liver oil to the extent of 16.4%.^®^ The structure of gadoleic acid

was determined by Takano to be 9-eicosenoic acid, which struc-

ture has since been confirmed.^*^ Toyama and Ishikawa have

reported an isomer of gadoleic acid, to which they gave the name
gondoic acid, in whale blubber oil.

ll-Eicosenoic Acid. CHz(CH2)7CH:CH{CH2)^C02H

The seeds of the evergreen shrub Simmondsia californica, which

occurs in the southwestern part of the United States, were ob-

served by Greene and Foster to contain 46% of a liquid wax
(jajoba oil). Investigations of this wax 287.288 y^Qxe shown it to

consist essentially of esters of eicosenoic and docosenoic acids with

the corresponding alcohols. 11-Eicosenoic acid was showm to be

present.

Docosenoic Acids

Two docosenoic acids have been observed in the natural fats,

one—erucic acid (13-docosenoic acid)—in certain seed fats, and

the other—cetoleic acid (11-docosenoic acid)—^in the fish and

marine animal oils.

13-Docosenoic Acids. CH2(CH2)7CHiCH{CH2)iiC02H

Erucic Acid. Erucic acid Avas first described by Darby,-® who
obtained it from mustard seed oil. It has since been obser\’ed to

be the principal acid in many of the seed fats, particularly those

belonging to the Cruciferae family. The position of the double

bond in erucic acid was not proved for many years after the dis-

covery of the acid. Holt,^® for example, in 1892, considered erucic

acid to be 2-docosenoic acid. The next year, ho\vever, Fileti

reported that erucic acid gave nonanoic and brassylic acids upon

oxidation with nitric acid, thus establishing its structure as 13-

docosenoic acid. The oxidation products contain, in addition to

the above-named two acids, a nitrogen compound, C9H18N2O4,

together with small amounts of arachidic acid.
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Erudc add was first observed in rape oil by Websky.*** It con-

stitutes the prindpal add of this oil, having been reported to be

present to the extent of from 43.6 to 67.2%.*®*’*“'“* A value as

high as 66% has been reported *®* for the erudc add content of

this oil. The fractional distillation of the fatty acids of rape seed

oil showed erudc add to constitute 40% of the total adds pres-

ent.*** Erudc add is also present in other crudferous oils, such

as wallflower seed oil,*®^ 40.6%, mustard seed oil,*®* 41.6%, and

jamba oil,*®® 46.3%. An excellent source of erudc acid has recently

been found in nasturtium oil, the fatty adds of which, according

to the recent work of Hilditch and Meara,*®® contain 82% of erucic

acid. Grape seed oil has frequently been reported to contain

erucic acid; however, the more recent work of Taufel and

others *®^ *®* indicated that these observations are erroneous.

Erucic acid has been prepared from rape oil by several proce-

dures, the earlier of which generally involve a saponification of

the rape oil by litharge, followed by an extraction of the lead soaps

with ether to remove other acids. Reimer and Will *®® recommend
the saponification of rape oil with alcoholic potassium hydroxide,

separation of the acids by sulfuric acid, and crystallization of the

erucic acid at 0® from a threefold quantity of 95% ethanol. Re-

crystallization of the product from 96% ethanol at 9°, gave erucic

acid melting at 34°. Noller and Talbot *®^ have suggested crystal-

lization from 95% ethanol followed by fractional distillation. A
preliminary separation of the lead salts followed by crystallization

of the erucic acid from 95% ethanol has been employed by Holde

and Wilke.*®* A final purification of erucic acid by crystallization

from ethanol as the magnesium salt has been recommended.*®®’*^®

Erucic acid melts at 33.5°. Noller and Talbot *®^ have reported

the following boiling points: 65 241-243° and 612 252-254°; Krafft

and Noerdlinger found 610 254.5°, bis 264°, and bso 281°.

Erucic acid has a cis configuration. Its tram isomer, brassidic

acid, is well known, and the conversion of erucic acid to brassidic

acid has been extensively studied.

Brassidic Add. The treatment of erucic acid with nitrous acid,

dilute nitric add, or other isomerizing agents results in its con-

version to the tram isomer, brasddic acid. This acid was first

obtained by Haussknecht *“ by the action of dilute nitric add,

and this transformation in the presence of nitrous acid has since

been extensively investigated.*®^ *^*’*^* Erucic acid, like oleic acid.
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is isomerized by treatment with aqueous solutions of sulfurous acid

at 200° for twenty-four hours.^^ Rankoff”^^ has studied the

conversion of erucic acid to brassidic acid by means of sulfur.

The preparation of brassidic add by the isomerization of rape

seed oil with dilute nitric acid and sodium nitrite, followed by
saponification and acidification of the resulting adds, has recently

been described by Keffler and Maiden. The add melted at

59.9° after ten recrystallizations from absolute ethanol. Brassidic

add melts at 60° and has the following boiling points: bio 256°,

6i6 265°, and 630 282°.*^^ Rankoff has report^ the refractive

index to be ni)° 1.4347.

A comparison of the physical constants of erucic and brassidic

acids indicates that erucic add possesses a cis and brassidic acid a

trans structure. They thus correspond to oleic and elaidic acids.

However, the geometrical structures of erucic and brassidic acids

were a subject of controversy for many years. The work of Bruni

and Gomi showed that trans isomers form solid solutions with

the corresponding saturated compound whereas cis isomers do not.

The S3rstems formed by erucic add, brassidic acid, and a so-called

isomeric acid have been studied by Mascarelli and associates,*^

who showed that brassidic acid forms solid solutions with behenic

acid whereas erucic acid does not. Consequently, erudc acid

possesses a cis and brassidic acid a trans configuration. The iso-

erucic acid appeared to possess a trans configuration; however, its

structure was not determined.

ll-Docosenoic Acid {Cetoleic Add),

CHz{CH2)^CH:CH{CH2)^C02H

The docosenoic acid, cetoleic acid, present in marine oils has

been shown by Toyama to be 11-docosenoic acid. Pre\uous to

the work of Toyama the docosenoic acid of marine oils was con-

sidered to be identical with the docosenoic acid of vegetable origin.

Cetoleic acid has been shown to be present in whale oils,*®*-®^®

shark liver herring oil,^®® sardine oil,**^ and pin-fish

oil.®** Cetoleic acid is, therefore, apparently common to marine

oils, in which it is generally accompanied by gadoleic acid. The
last-mentioned acid, however, is usually present in larger amounts.

Other Docosenoic Acids

Several isomeric docosenoic acids have been S3nithesized, the

compositions of which have not been definitely determined.
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Alexandroff and Saytzeff have described an acid prepared by

the action of alcoholic potassium hydroxide on iodobehenic acid.

The acid melted at 54-56° and was considered to be 2-docosenoic

acid. Ponzio ^ stated that the so-called isoerucic acid is identical

with erucic add, and Mascarelli and coworkers have agreed

with this statement. The view which has been expressed ^ that

ioserudc acid is a mixture and not a chemical individual appears

to be correct, and the term isoerudc acid, like isooleic acid, prob-

ably does not refer to a pure substance.

Tetracosenoic Acids

15-Tetracosenoic acid is the only one of the tetracosenoic acids

which has been identified in natural fats.

15-Tetracosenoic Acid (Selacholeic Add, Nervonic Acid),

CHs(CH2)7CH : CH{CH2)isC02H

Selacholeic acid has been identified as a component in the

various liver oils of marine origin. Tsajimoto reported sela-

choleic add to occur in shark and ray liver oils, and its presence in

these oils has been confirmed.^®®* Hilditch and Houlbrooke

have reported the amount of selacholeic acid in shark liver oil to

be 12.0%. In 1927, Tsujimoto *^7. 328 determined the constitution

of selacholeic acid to be 15-tetracosenoic acid Selacholeic acid

melts at 42.5-43°.

An acid termed nervonic add, apparently identical with sela-

choleic acid ^27 has been isolated from brain cerebrosides by
Klenk.^ 15-Tetracosenoic acid has been synthesized by the

malonic acid method from 13-docosenyl bromide,®®® a reaction

which results in the formation of both the cis and the trans forms.

The latter melted at 61°; the former, which melted at 39°, was

shown to be identical with the naturally occurring acid.

Hexacosenoic Acids

17-Hexacosenoic Acid {Ximenic Acid),

CH^{CH2)7CH : CH{CH2)isC02H

This acid was first reported to be contained in ximenia oil,®®^

and somewhat later was tentatively identified as 17-hexacosenoic

acid.®®® It has been stated to constitute 25% of the fatty acids

present in this oil.
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Triacontenoic Acids

An acid termed lumequeic acid has been stated by Boeken-

oogen to accompany ximenic acid in ximenia oil. Its constitu-

tion was reported to be 21-triacontenoic acid, CH3(CH2)7CH:CH-
(CH2)i9C02H.

The Dienoic Acids

Acids which contain two ethylenic bonds in the hydrocarbon

chain characterize the semi-drying and diying oils. Although they

are present in the marine oils and to a lesser extent in the various

animal oils, they appear to be distinctively associated with oils

of vegetable origin. Dienoic acids have the general formula

CnH2n-402 . This series of acids is frequently called the linoleic

acid series, because linoleic acid, like oleic acid in the ethylenic

series, is the most important acid of the group.

In acids which contain two or more double bonds the position

of these bonds with reference to each other is often a determinative

factor in their physical and chemical properties. This is particu-

larly true if the ethylenic linkages form a conjugated system, since

such compounds show chemical properties quite distinct from those

displayed by unconjugated systems. Because of their higher

degree of unsaturation, the dienoic acids are more susceptible to

various oxidative reactions than the ethylenic acids.

The isolation and identification of those dienoic acids which

occur in the natural fats and oils has presented a somewhat more
difficult problem than that encountered with the ethylenic acids.

Dienoic acids containing fewer than eighteen carbon atoms, with

the exception of sorbic acid, either do not exist in the natural fats

or are present in such small amounts that they have not as yet

been isolated. The octadecadienoic acid linoleic acid is found in

large amounts in the vegetable oils and has been definitely iden-

tified as 9,12-octadecadienoic acid. The relationship which exists

between the linoleic acid present in the vegetable fats and that

found in the marine and animal oils has not been definitely decided.

Although small amounts of ordinary linoleic acid appear in such

fats the presence of other octadecadienoic acids seems probable.

It appears that the linoleic acid which occurs in the animal fats

is entirely a product of assimilation. Very few attempts have been

made to synthesize the higher dienoic acids. The increased number
of possible geometric isomers occasioned by the presence of a
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second ethylenic bond, and the difficulty of obtaining pure dienoic

adds from the natural oils, add to the task of obtaining exact

information conceming these acids. The next few years will

undoubtedly see material contributions to our knowledge of the

various members of this group.

The following is a short description of the various dienoic adds

which have been either synthesized or identified in the natural fats

and oils. Only the pentadienoic, hexadienoic, and octadecadienoic

adds have been extensively investigated.

Pentadienoic Acids

The pentadienoic acids are not found in the natural fats, and

many of the reported syntheses of these acids are questionable

because of failures to characterize the product. Only the 2,4-acid

has been described in detail.

2,4-Pentadienoic Add. CH2 :CHCH :CHCO2H
The synthesis of this acid from acrolein and malonic acid in the

presence of pyridine has been described by Doebner.^^ The acid

melts at 80° and easily polymerizes to a syrupy liquid upon heating

to 110-115°. When reduced with sodium amalgam it yields allyl-

acetic acid.

Hexadienoic Acids

One of the hexadienoic acids, sorbic acid, occurs in the natural

oils.

2,JrHexadim(nc Add (Sorbic Add). CH^CH:CHCH:CHC02H
Sorbic add was first obtained by Hofmann " from the berries

of the mountain ash. The acid was later investigated by Fittig,^'

and in 1900 Doebner ^ accomplished the synthesis of sorbic acid

from 2-butenal and malonic acid in the presence of pyridine.

Doebner had previously shown the naturally occurring acid to

be 2,4-hexadienoic add. Attempts by Doebner^ to prepare

sorbic acid by the Perkin synthesis from 2-butenal and acetic acid

were not successful. The dehydration of 3-hydroxy-4-hexenoic

acid in the presence of alkalies results in an almost theoretical

yidd of sorbic add.®**^ The acid is best obtained from the juice of

mountain ash berries. 2,4-Hexadienoic acid freezes at 134.5° and

boils at 228° with decomposition. It is insoluble in cold water.
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moderatdy soluble in hot water, and very soluble in ethanol and

ether. It is quite easily polymerised owing to the presence of the

conjugated system of double bonds.

OCTADECADIENOIC AciDS

It can be considered that our knowledge of the dienoic fatty

acids is essentially confined to the octadecadienoic acids. Only

one of the many possible octadecadienoic acids has been definitely

identified in the natural oils; however, recent work has indicated

that isomers of lindeic acid may also occur in natural products.

The following octadecadienoic acids have been described.

OylS-Octadecadienoic Acid (Ltnoleic Acid).

CHs{CH2)4CH :CHCH2CH :CH{CH2)7C02H
Lmoleic acid is the characteristic acid of the semi-diying oils,

and is found widely distributed throughout the vegetable kingdom.

The structure of the naturally occurring linoleic acid was a contro-

versial subject for many years. Linoleic acid was first described

in 1844 by Sacc,^“ who separated the acid from linseed oil fatty

acids. The great difficulty in obtaining linoleic acid free of other

unsaturated fatty acids led to many uncertainties concerning its

actual structure. Earlier views that linoleic acid contained sixteen

carbon atoms were dispelled by its conversion into stearic acid

through reduction of the iodostearic acid obtained by the reaction

of linoleic acid with hydrogen iodide.®*^'^ The formula C20H30O2,

ascribed to linoleic acid by Norton and Richardson,’®® was shown

to be in error by Hazura and coworkers.®^ Their work confirmed

that of Dieff and Reformatzky ®®^ and also of Peters, ®^^ who es-

tablished the formula of linoleic acid as C18H32O2. All these

earlier workers recognized the fact that the linoleic acid or so-called

hemp oil acid which they investigated contained other acids as

impurities.

Since linoleic acid contains two ethylenic bonds, four geometrical

isomerides are possible: namely, cis,trans] tranSyds; and

trans^trans. Much of the work which has culminated in our

present-day views covering the structure of naturally occurring

linoleic acid has been concerned with a study of these four isomers

and their derivatives. Both the bromination and the oxidation of

linoleic add have been extensively studied. In the former case

tetrabromostearic acids and in the latter case tetrahydroxysteaiic
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acids (sativic acids) result. The study of the bromine derivatives

of linoleic acid has added materially to our knowledge of the

structure of this acid. The bromination of linoleic acid gives a

solid tetrabromide melting at 114-116°,®*®'*^ together with an

approximately equal amount of a liquid tetrabromide. The former

is sparingly soluble in petroleum ether and may be separated from

the latter by the use of this solvent. Treatment of this solid tetra-

bromide with zinc, by a method initially proposed by Rollett,®^®

yields the so-called a-linoleic acid, whereas treatment of the liquid

tetrabromide gives jS-linoleic acid. When a-linoleic acid is bromi-

nated, approximately equal amounts of a solid and a liquid tetra-

bromide are again formed. Bromination of the jS-linoleic acid

results in the formation of both a solid and a liquid tetrabromide;

however, the amount of the liquid tetrabromide greatly predomi-

nates. The structure of these tetrabromides and of their reduction

products, together with the relationship which exists between the

reconstituted acids and naturally occurring linoleic acid, has long

been a subject of interest. In the following discussion we must bear

in mind that the tetrabromostearic acids from linoleic acid possess

four asymmetric carbon atoms which permit of sixteen optical

isomers or eight racemic mixtures. Four stereoisomers are possible

by the debromination of these tetrabromides. The addition and

removal of bromine is not generally accompanied by isomerization

and, since two tetrabromides are obtained upon the bromination

of linoleic acid, Nicolet and Cox supported a view previously

suggested by Bedford,®^ that natural linoleic acid contains at least

two geometrical isomerides. However, since RoUett ^ had previ-

ously shown that both a liquid and a solid tetrabromide result from

the bromination of regenerated a-linoleic acid, the formation of two

tetrabromides from natural linoleic acid does not imply that it is

a mixture. In a comparatively recent study Green and Hilditch

have concluded that only one form of linoleic acid is present in the

seed fats and that this may undergo partial isomerization upon
bromination. Naturally occurring linoleic acid probably has a

ciSyCis configuration, and it is apparently identical with regenerated

a-linoleic acid since both yield the same hydroxy acids upon oxida-

tion. In 1938, Brown and Frankel compared the linoleic acid

obtained by the debromination of the solid tetrabromide (m.p.

114°) with a relatively pure linoleic acid obtained from com oil,

and found the two to be identical. This work indicated that only



OCTADECADIENOIC ACIDS 123

one linoleic acid is present in the natural seed oils; however, in

the game year a contrary opinion was expressed by McCutcheon.*^’

Although the configurations of the solid tetrabromide and the

regenerated a-linoleic acid have been established, the same cannot

be said for the liquid tetrabromide and jS-linoleic acid. Matthes

and Boltze claimed to have obtained a crystalline tetrabromide

melting at 57-58° from the liquid tetrabromide, although this has

not been substantiated. Suzuki and coworkers have studied the

oxidation of the partially debrominated tetrabromo acids, and

have stated that a-linoleic acid has a cisycis structure and the /3-acid

a transjtrans structure. The latter was designated as isolinoleic

acid. Takahashi has reported that the bromination of a-

linoleic acid yields three tetrabromides: a-, melting at 113.5-114°,

j3-, melting at 59-60° and soluble in petroleum ether, and 7-, a

petroleum-ether-soluble liquid. Upon rebromination, each of the

acids obtained from the above yielded three tetrabromides, the

one from which it was derived appearing in the greatest amount.

Smith and West have reported the presence of three solid

tetrabromides and a liquid tetrabromide in the product obtained

by the bromination of linoleic acid from lumbang oil, and they

stated that these apparently correspond to the four isomeric

modifications of linoleic acid. Van der Veen has attempted to

effect a separation of the isomeric regenerated linoleic acids by

means of their lithium salts. Birosel showed that the jS-linoleic

acid tetrabromide obtained by Smith and West was actually the

methyl ester of the tetrabromide, resulting from the use of methar

nol as a solvent for crystallization, and that the 5-linoleic acid

tetrabromide was a mixture of the acid and ester. Later, Birosel

showed that only one solid tetrabromide is obtained from linoleic

acid of soybean oil and also from regenerated o-linoleic acid. In

1939, Hilditch and Jasperson reasserted that natural linoleic

acid and a-linoleic acid are identical and have a ciSyCis configura-

tion, that bromination yields cisjcis- and cis,frarw^tetrabromides,

and that the liquid tetrabromide is a mixture of dsjds- and

cis,fmns-tetrabromides. In the same year, Riemenschneider,

Wheeler, and Sando presented an explanation of the behavior

of linoleic acid upon bromination which is worthy of consideration.

These authors regard the two tetrabromides as racemic isomers

which are both derived by the addition of bromine to a dSjds acid,

the bromination of this acid proceeding as follows:
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It was pointed out that (IV) and (VII) are optical isomers forming

a racemate and that (V) and (VI) are also optical isomers. This

explanation accounts for the formaticm of a liquid and a solid

tetrabromide by the bromination of a ds^ds acid, and suggests

that a- and /3-linoleic adds are identical. According to this ex-

planation one would expect to obtain only two of the possible eight

racemates. McCutcheon, Crawford, and Welch have com-

pleted an infra-red and a Raman spectroscopic examination of

linoleic add and have stated that it contains only da double bonds.

The above discussion has presented the various views which

have been advanced regarding the structure of naturally occurring

linoleic acid as determined by a study of its bromine derivatives.

A study of the tetrabromides obtained from previously isomerized

linoleic add has also materially added to our knowledge of this

subject and is worthy of* mention. Owing to the fact that the

drying and semi-drying oils do not yield solids when treated with

isomeiizing agents, such as nitrous acid, it was at first considered

that such substances are without effect upon the dienoic adds.

In 1892, Lidoff pointed out that the treatment of linseed oil

mth isomerizing agents greatly^ increased its viscosity, which

indicated that the oil had actually been isomerized during the

process, 'i^e observation that linoleic acid is isomerized by nitro-

gen oxides was later confirmed by Green and Hilditch and also

by Noller and Girvin.*®* The elaidinization of linoleic acid, to-

gether with a study of the bromination and oxidation of the

resulting product, has recently been made the subject of an inves-

tigation by Kass and Burr.^^ The treatment of linoleic acid with

Poutet’s reagent or with selenium gives both a liquid and a solid

linolelaidic acid, the latter of which melts at 28-29°. Bromination

of this solid linolelaidic acid gives a solid tetrabromide which

melts at 78°, together with a liquid tetrabromide. The liquid

linolelaidic acid gives no solid tetrabromide. A study of the oxi-

dation products of these linolelaidic acids led to the conclusion

that two isolinoleic acids had been formed; namely, tran&-9^trana-

12-linoielaidic acid and ^rana-9,cia-12-linolelaidic acid, an observa-

tion which is explainable upon the basis that the 12-bond cannot

elaidinize without a previous or simultaneous elaidinization of the

9-bond. Failure to find ordinary lin<deic acid, ci»-9,ci«-12-octar

decadienoic acid, in the reaction mixture suggests that the elaidi-

nization of linoleic acid does not yield an equilibrium mixture in

which the original acid is one of the components. It will be re-
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called that oleic acid forms an equilibrium mixture of oleic and

elaidic acids when treated with isomerizing agents. Hilditch and

Jasperson have stated that isomerized o^linoleic acid and isom-

erized jS-linoleic acid do not yield a tetrabromostearic acid of

melting point 114®. They consider that the isomerization of

linoleic acid by selenium results almost exclusively in the formation

of ^ra7is-9,^rans-12-linolelaidic acid.

The oxidation of linoleic acid first yields tetrahydroxystearic

acid which can then imdergo further oxidation with the formation

of cleavage products. A study of these cleavage products has

conclusively sho^vn that linoleic acid is 9,12-octadecadienoic

acid.®“'“^'^ Numerous investigations have been made on the in-

termediate oxidation products—^the tetrahydroxystearic acids

—

from natural linoleic acid, a-linoleic acid, jS-linoleic acid, and

the various isomerized acids. In 1887, Hazura observed that two
sativic acids (tetrahydroxystearic acids), one melting at 171-173®

and the other at 157-159®, result from the oxidation of natural lino-

leic acid or regenerated a-linoleic acid with potassium permanga-

nate in alkaline solution. This observation has been confirmed by
Reformatzky.®** The formation of two tetrahydroxystearic acids

upon oxidation, as weU as the formation of two tetrabromostearic

acids upon bromination, naturally brought up the qu^tion as to

whether two stereoisomeric linoleic acids were originally present.

Nicolet and Cox,^* Bedford,®^ McCutcheon,®^^ and others have

subscribed to this opinion. However, the fact that both natural

linoleic acid and regenerated a-linoleic acid yield the same two
tetrahydroxystearic acids upon oxidation makes it extremely

probable that natural linoleic acid is composed of only one isom-

eride,®^®'®^'®®®*®®^®®^ which undergoes isomerization during oxidar

tion or bromination. When Hilditch and Jasperson®®^ oxidized

/9-linoleic acid, they obtained, among other products, 18.2% of the

sativic acids (m.p. 173® and 157®), and they expressed the opinion

that jS-linoleic acid consists of a mixture of cis-9,ct®-12- and cis-9,-

^rans-12-octadecadienoic acids. The same reasoning which led

Biemenschneider, Wheeler, and Sando ®®® to state that two tetra-

bromostearic acids would be expected from the bromination of

m-9,as-12-octadecadienoic acid was also pointed out by them to

apply with equal force to the oxidation products. It must be borne

in mind that the conclusions of these authors should be applicable

irrespective of which one of the four possible stereoisomeric acids

was originally present. Birosel *®®' ®®* has stated that only two



OCTADECADIENOIC ACIDS X27

tetrahydroxystearic acids are obtained from the oxidation products

of regenerated a-iinoleic acid: an a-sativic acid melting at 164°, and

a /3-sativic acid melting at 174°. The lower-melting acids previously

reported probably contained impurities, or were mixtures of these

two acids. The sativic acid which melts at 164° was considered

to be identical mth one previously described by Meyer and

Beer.“® The oxidation of elaidinized linoleic acid with potassium

permanganate produces a series of tetrahydroxystearic acids which

differ from those obtained by the permanganate oxidation of

natural or regenerated linoleic acids. These ‘‘elaidinized*' tetra-

hydroxystearic acids, however, appear to be similar to several acids

previously obtained from natural linoleic acid by means other than

permanganate oxidation. Kass and Burr obtained two linol-

elaidic acids by the action of nitrogen oxides or selenium on

linoleic acid; a solid linolelaidic acid melting at 28-29°, and a

liquid linolelaidic acid. Partial oxidation of the solid acid by
means of potassium permanganate gave two tetrahydroxystearic

acids, m.p. 122° and 146°, w’hile partial oxidation of the hquid

linolelaidic acid also gave two tetrahydroxystearic acids, melting

at 126-127° and 156-158°, The probable identity of the former

pair of tetrahydroxystearic acids with the two acids obtained by
Burr and Burr by the action of hydrogen peroxide on linoleic

acid suggests that oxidation with this latter reagent may be

accompanied by isomerization. The same may be said for the

acids, m p. 135° and 144°, obtained by Nicolet and Cox by the

saponification of linoleic chlorohydrin, and for the acids obtained

by Green and Hilditch by the peracetic acid oxidation of linoleic

acid. The permanganate oxidation of isomerized a- or jS-linoleic

acid has been shown by Hilditch and Jasperson to yield no

tetrahydroxystearic acids similar to those obtained from the

un-isomerized acids. The question of the stereochemical configu-

rations of the bromo and hydroxy derivatives of linoleic acid to-

gether with the identity of the various regenerated acids is far

from completely answered. Undoubtedly the greater weight of

evidence supports the view that natural linoleic acid is composed

of only one stereoisomeride. Oxidation under certain conditions

is evidently accompanied by molecular rearrangement; however,

isomerization does not necessarily accompany bromination and

debromination.

linoleic acid occurs abundantly in the drying and semi-diying

oils of vegetable origin, particularly the seed oils, in the majority
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of \AAch it constitutes a major componrat. Some of the per-

ceutages of linoleic acid which have been reported in various

vegetable oils are as follows: cottonseed oil, 41.7%;*^ com oil,

40.9%; soybean oil, 61.6%,f» 41.9-66.3%,»« 53.0%; sesame

oil, 35.2%; pumpkin seed oil, 40.4%;*” sunflower seed oil,

57.5%; lumbang oil, 39.62%; linseed oil, 58.8%; •'^cantaloupe

seed oil, 56.6%;”* peanut oil, 7.4%,^*^ 21.0-24.7%;^” rice oil,

35% ;
*'*and squash seed oU, 44%.*^* Linoleic add is present in small

amounts in the animal depot fats. Hilditch and Longenecker

found 1 .8% in ox depot fat and 4.9% in rat depot fat.*'® Bone
greases contain approximately 5% of linoleic add.*” The amount
of linoleic add which has been reported in the pig depot fats varies

between wide limits, 1 to 14%. ^*>*.878, 879 depot

fats it is quite likely that the linoleic add present is entirely a prod-

uct of assimilation, and considerable doubt exists concerning the

ability of animals to synthesize this acid. The liver fats generally

contain significant amounts of linoleic acid, Irving and Smith ^**

having reported 8% in pig liver fat. It is, however, a controversial

question whether the linoleic acid found in the liver fats is identi-

cal with that obtained from vegetable sources. It appears that

animals require small amounts of linoleic acid for the maintenance

of proper gro^vth,**®'*®^*® and Williams and Anderson*** have

stated that the body either is incapable of s3nithesizing this add
or cannot synthesize it in the amounts demanded by the growing

animal organism.

Small amounts of linoleic acid are present in the various animal

milk fats; however, Hilditch and Jones **^ have found that this

add does not yield the tetrahydroxystearic adds which charac-

terize ordinary linoldc acid. Later Bosworth and Brown ®* re-

ported linoleic acid to be absent from butter fat. The possibility

that the octadecadienoic acid which occurs in milk fat is a geo-

metrical isomeride of seed-fat linoleic acid was suggested by Green

and Hilditch; *** however, a subsequent study by Hilditch and
Jasperson **® failed to establish its identity.

The configuration of the linoleic acid present in oils of marine

origin has not been definitely determined. Isolinoleic acids have

been reported in various oils, such as herring oil,”® the fat of silk

worm pupa,**® and rice bran oil.**' In the last instance, Haworth ***

showed the acid to be identical with ordinary linoleic add.

Linoleic add can be prepared by the reduction of its crystalline

tetrabromide, m.p. 114-115®, by the method of Rollett.*®* The
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rffthrfifniiiii.tinn is best acc(»iipliahed by the use of ainc and has

been conducted in boiling ethanol,*” acidified ethanol,*” pyri-

dine,*” and other solvents. Recently Matthews, Erode, and
Brown **^ have subjected regenerated a-linoleic acid to low-tem-

perature crystallization and have observed that it contains an

appreciable percentage of isomeric linoleic acids. The separation

of linoleic acid from vegetable oils by repeated low-temperature

solvent crystallization has been accomplished by Brown and co-

workers.®”**” The fatty acids of cottonseed oil or com oil are

first crystallized from several solvents to remove the saturated

acids, a procedure which is followed by crystallization from acetone

at —60® and then at —70®. The distillation of this final product

yields a linoleic acid of 93.5% purity. A comparison of this acid

with regenerated a-linoleic acid showed the two to be essentially

identical.

The physical constants which have been reported for linoleic

acid are as follows: m p. —5 2 to —5 0®,®” — 6 .8®,®” —8 to —
and -12 to -11®; ®w 0.9038, df* 0.9007; ®®® nJJ ® 1.4715,

1.4683, ®»® 1.4699; ®” and 6 i 4 202°.

9Jl’-Octadecadienoic Acid.

CHs{CH2)5CH :CHCH : CH{CH2)7C02H

Although this acid has not been found in any of the natural

fats, its ready availability by the dehydration of licinoleic acid

makes it of more than academic interest. 9,11-Octadecadienoic

acid is isomeric with linoleic acid; however, since it possesses a

conjugated system of double bonds, its chemical and physical

properties differ quite materially from those of ordinary linoleic

acid. Reactions such as heat gelation, 1 : 4-addition, and maleic

anhydride addition distinguish acids containing conjugated systems

from their unconjugated counterparts. Most of the work which

has been reported on the preparation of 9,11-octadecadienoic acid

by the dehydration of ricinoleic acid has not actually been accom-

plished with ricinoleic acid itself but with its glyceryl ester, castor

oil.

When castor oil is distilled there results a large gelatinous residue

which decomposes upon further heating. This observation was
first made by Bussy and Lecanu *®® as early as 1826; however, the

reason for this phenomenon was not understood for many years.

When ricinoleic acid, 12-hydroxy-9-octadecenoic acid, is heated,

the major decomposition products are representative of two
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general reactions. The ricinoleic acid may undergo scission into

10-undecenoic acid and heptanal according to the equation

CH8(CH2)6CHCH2CH:CH(CH2)7C02H

in
CHs:CH(CH8)8COi!H + CH,(CHs)8CHO

10-Undecenoic acid Heptanal

Or it may undergo dehydration wdth the formation of dienoic acids

as foUows:
CH8(CH2)6CHCH2CH CH(CH2)7C02H

in
-H^/ \^H20

CH8(CH2)4CH:CHCH2CH CH(CH2)7C02H CH3(CH2)4CH2CH CHCH •CH(CH2)7C02H
9,12-Octadecadienoic acid 9,11-Octadecadienoic acid

These reactions may proceed simultaneously, or the conditions

may be so adjusted that the reaction is predominantly one of

scission or of dehydration. The dehydration reaction is materially

favored by the presence of dehydrating catalysts such as aluminum

oxide, sulfuric acid, phosphoric anhydride, or similar substances,

while the scission reaction appears to be characteristic of high-

temperature decompositions (260“300°). Various mechanisms,

based on tautomeric forms, have been suggested for these several

reactions.*^®®® It will be noted that the dehydration of ricinoleic

acid gives rise to two acids, namely, 9,12-octadecadienoic acid

and 9,11-octadecadienoic acid. The former is linoleic acid and the

latter is isomeric with linoleic acid and contains a conjugated

system of double bonds. The dehydration of ricinoleic acid was

studied in 1914 by Fokin, who treated ricinoleic acid with

phosphoric anhydride in the presence of benzene. The formation

of both the conjugated and the unconjugated octadecadienoic

acids was recognized; however, Fokin considered that the product

consisted chiefly of the imconjugated acid. Two years later the

dehydration of castor oil was extensively studied by Kronstein.®®*

In 1930, Boeseken and Hoevers ®®® studied the dehydration of

ricinoleic acid in the presence of activated alumina, and several

years later Scheiber ^ obtained patents for synthetic drying oils

prepared from these conjugated acids. Several other catalysts

have been proposed for this dehydration, among which may be

mentioned non-oxidizing mineral acids,^^ Japanese acid earth,^

sulfuric acid,"* and metallic oxides."^ The question as to the

relative proportions of conjugated and unconjugated dienoic acids
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formed by the dehydration of ricinoleic acid has been the subject

of some disagreement. Scheiber stated that the 9,11-acid com-

prised 90% of the dienoic acids formed, a view which is quite

contrary to that previously expressed by Fokin. Recently,

Forbes and Neville ^ and also Priest and von Mikusch ^ have

stated that the dehydration of castor oil yields from 22 to 31% of

conjugated dienoic acids. It seems quite probable, therefore, that

this dehydration forms approximately equal amounts of ordinary

linoleic acid and its conjugated isomer.

The conjugated acid, 9,11-octadecadienoic acid, when treated

with nitrous acid, yields an acid which melts at 54°.^ The
bromination of this acid gives two tetrabromostearic acids, one

melting at 130° and the other at 64-65°. Debromination of the

former yields an acid melting at 54° and a liquid acid, whereas

debromination of the latter gives only a liquid acid. The bromi-

nation of 9,11-octadecadienoic acid gives a tetrabromide melting

at 124° which yields, upon debromination, an acid melting at 56°.

All these acids showed an exaltation of the molecular refraction

which indicated that they possess conjugated unsaturation. The
acid melting at 54° was considered to be a stereoisomer of that

melting at 56°, since a mixed melting pomt showed them to diiffer.

9,11-Octadecadienoic acid has been reported by Khonovskii to

be produced by the action of alcoholic potassium hydroxide on the

diiodostearic acid formed by the action of hydrogen iodide on

ricinoleic acid. Maruyama and Suzuki ^ have reported the

presence of 9,11-octadecadienoic acid together with stearolic acid

in the product formed by the action of alcoholic potassium hy-

droxide on 9,10-dichlorostearic acid.

•

Other Octadecadienoic Adds

The hydrogenation of polyethenoic fatty acids or their glycerides

has been reported in several instances to yield octadecadienoic acids

other than those described above. Bauer and Ermann have

stated that 12,15-octadecadienoic acid is present in the products

formed during the partial hydrogenation of unsaturated acids.

Since these dienoic acids have not been isolated or described, their

existence is somewhat hypothetical.

The Trienoic Acids

Acids which contain three double bonds in the hydrocarbon

chain are characteristic of the vegetable drying oils, to \vhich they
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impart the property of forming hard films upon exposure to the

atmosphere. Owing to the high degree of unsaturation of these

acids they are quite easily pol3rmerized or oxidized. They add^
atoms of halogens to form hexahalo acids. The trienoic acids

which occur in nature are essentially confined to those which

possess eighteen carbon atoms, and, as in the case of the important

naturally occurring dienoic acids, these adds show a remarkable

structural similarity to oleic add. Only two acids of this series are

of major importance: linolenic add, or 9,12,15-octadecatrienoic

add; and eleostearic acid, or 9,11,13-octadecatrienoic acid.

The spedfic properties of the trienoic acids are quite dependent

upon the relative positions of the double bonds, the most important

factor being whether these bonds form a conjugated or an isolated

system of unsaturated linkages. The various considerations re-

garding geometrical isomerism of these acids and optical isomerism

of their derivatives are somewhat more complex than is the case

wth the dienoic acids. Our present knowledge indicates that those

generalizations which apply to the adds of lower unsatmration

apply equally to these trienoic adds. Hydrogenation of the

naturally occurring octadecatrienoic acids to stearic acid shows

that they possess a straight chain of carbon atoms.

9,l^yl5-Octadecatrienoic Acid {Linolenic Add),

CHsCH2CH:CHCH2CH:CHCH2CH:CH{CH2)7C02H
Linolenic acid occurs as a major component in the vegetable

drying oils, the most important of which is linseed oil. It was
first recognized as an individual acid by Hazura and Friedrdch

during a study of the oxidation products of hemp oil acids. These

authors isolated a hexahydroxystearic acid, melting at 203°, from

the oxidation products, the formation of which indicated that a

trienoic acid was present in the acid mixture. Later in the same
year, Hazura showed that hexabromostearic acid was not

formed by the bromination of tetrabromostearic acid but by the

bromination of a trienoic acid originally present, and he thus

confirmed the existence of linolenic acid in the drying oils. Erd-

mann, Bedford, and Raspe studied the products formed during

the decomposition of the ozonides of ethyl a- and jS-linolenates and
stated that these acids are stereoisomerides, the structure of which

is 9,12,15-octadecatrienoic acid. This formula for linolenic acid

has heeik confirmed by subsequent workers.^®*-

When mixtures containing lindenic acid are brominated, one
of the oroducts is an ether-insoluble, solid hexabromide which
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melts at 179.5-180°. The reduction of this solid hexabromostearic

acid by means of zinc yidds a linolenic add, the molecular weight

and iodine numba* of which are close to the theoretical values.

Until the preparation of natural linolenic add by low-tonperature

solvent crystallization,'^^ the debromination method offered the

only source of reasonably pure linolenic acid. When this r^en-
erated linolenic acid is rebrominated, it yields about 25% of the

solid hexabromide melting at 179.5-180°, whereas the remainder

is a liquid hexabromide which is soluble in ether. The add result-

ing from the debrcnnination of this solid hexabromide is known
as a-linolenic add, and that from the liquid hexabromide as fi-

linolenic add. It can be seen, therefore, that the action of linolenic

acid upon bromination and debromination is somewhat analogous

to that of linoleic acid. As in the case of linoleic acid, therefore, we
are faced with the questions as to whether these processes are

accompanied by isomeric changes or whether the naturally occur-

ring linolenic acid is actually a mixture of stereoisomeric acids.

The number of isomeric possibilities inherent in linolenic acid and
its derivatives, together with the difficulties of obtaining and work-

ing with pure natural linolenic acid, have made this question ex-

tremely difficult to answer. The formulation of any very definite

views with relation to the stereochemical configurations of these

various linolenic acids is certainly unwarranted until our present

knowledge of them is materially increased. Erdmann and Bed-

ford considered a-linolenic acid to be identical with that found

in seed fats, but believed that the linolenic acid obtained by the

debromination of the solid hexabromide is a mixture of ae- and

/^linolenic acids. Since the bromination of regenerated linolenic

acid yielded 23% of the solid hexabromide and 77% of the liquid

hexabromide, they considered that these values represent the

percentages of the two stereoisomers present in the debrominated

acid. Later, Erdmann, Bedford, and Raspe^“ claimed to have

obtained two ozonides from regenerated linolenic acid which they

considered to correspond to the two isomeric acids originally

present. Rollett claimed the existence of two acids in regen-

erated linolenic acid and stated that bromination produces optical

isomers of varying solubilities. These isomers would regenerate

the original linolenic acid upon debromination. A study of the

bromination of linolenic acid obtained from lumbang oil led Smith

and West to conclude that a molecular rearrangement occurs

during the debromination but not during the bromination process.
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/an der Veen believes that there is an equilibrium between the

somers set up during the bromination process.

Shinowara and Brown have compared the linolenic acid

^hich they obtained by the low-temperature crystallization of

the fatty acids of linseed and perilla oils with oc-linolenic acid pre-

pared by debromination of solid hexabromostearic acid. The
crystallized acids showed hexabromide numbers which averaged

92 (calculated as the free acid), while the hexabromide numbers of

the debrominated o-acids ranged from 70 to 75. The purity of

their crystallized acid was determined to be 88.0%, while that of

the a-linolenic acid was assumed to be 100%. The former melted

at —11.2® and the latter at —14.5 to —14.4°. These authors

concluded that the acids prepared by low-temperature crystalliza-

tion and by debromination are not identical and that the latter

are probably mixtures of either geometrical or position isomers.

The possibility that the crystallized acids may be isomeric mixtures

is also suggested. Recently, Matthews, Erode, and Brown have

subjected debrominated linolenic acid to low-temperature, frac-

tional crystallization and have stated that the acid is apparently

a mixture of at least two isomers. These isomers are of the cis-

trans type and possess the same iodine numbers but different

melting points. The lower-melting acid probably has a zero

hexabromide number; the higher-melting acid showed a hexabro-

mide number of 96.0 and was believed to be identical with natural

linolenic acid. The isomerization is believed to be brought about

during the process of debromination. A study of the bromination

of elaidinized linolenic acid, however, has led Kass, Nichols, and

Burr to state that no significant isomerization occurs during the

debromination process. Elaidolinolenic acid was prepared by the

action of selenium on the ethyl esters of linseed oil fatty acids.

The elaidolinolenic acid gives a hexabromide which melts at

169-170® and which shows a mixed melting point of 152-162° with

o-hexabromostearic acid. Debromination of this elaidolinolenic

acid hexabromide yields an acid melting at 29-30®, the bromina-

tion of which gives a 30 9-31.1% yield of the hexabromide melting

at 169-170®. The average hexabromide number is thus 84.5.

These results are not antagonistic to Rollett’s view that the

hexabromides of linolenic acid are racemic mixtures. It is of

interest to note that Kass, Nichols, and Burr obtained both a

solid and a liquid hexabromide from a completely elaidinized acid,

assumed to be the stereoisomeride containing only traces of cis
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linkages. The formation of two or more hexabromides from natural

linolenic acid or from a-linolenic acid does not, therefore, demand
that such acids be composed of a mixture of stereoisomerides.

Thus the terms /3-linolenic acid and isolinolenic acid have little

significance when applied to the naturally occurring acid. Some-
what previous to this work, McCutcheon had stated that a-

and jS-linolenic acids are identical and that they are also identical

with natural linolenic acid. Later, McCutcheon, Crawford, and
Welch reported that the infrared and Raman spectroscopic

examinations of both linoleic and linolenic acids indicated that

they possess only cis ethylenic linkages. The facts that pure

linolenic acid has never been obtained directly from natural oils

and that most of our views with regard to this acid are based

upon a study of the acid prepared by debromination make definite

standards of comparison very difficult to obtain. In view of the

data pertaining to other unsaturated fatty acids, it is felt that

linolenic acid should be considered as a homogeneous substance

until definite proof has been offered to the contrary.

The oxidation of linolenic acid by means of potassium per-

manganate has been shown by Hazura and coworkers 340. 410,411

yield two hexahydroxystearic acids (linusic acids). These acids

were termed linusic acid (m p. 203°) and isolinusic acid (m.p.

173-175°) and can be separated by reason of the greater solu-

bility of the latter in hot water. As sho^^^l in the case of the

bromine derivatives, however, the formation of these two oxida-

tion products does not require the previous existence of stereo-

isomerides in the original acid. A hexahydroxystearic acid melt-

ing at 178-179° was obtained by Kass, Nichols, and Burr^^^ hy

the partial oxidation of elaidolinolenic acid by means of alkaline

potassium permanganate. The presence or absence of a second

hexadroxystearic acid in the reaction product was not conclusively

sho^vn.

Linolenic acid is generally associated with the drying oils of

vegetable origin. Smaller amounts are also present in the semi-

drying oils. Its presence in small percentages in certain animal

fats is probably due to assimilation, and the inclusion of small

amounts of linolenic acid in animal diets has been shown to cure

certain fat-deficiency diseases."® Linolenic acid has been reported

to occur in linseed oil in amounts ranging from 36 to 50%.^’^^'"®

Jamieson and McKinney have reported 7.4% of linolenic acid

in American black walnut oil, and XJeno and Nishikawa have



136 THE ETHYLENIC FATTY ACIDS

observed 8.6% in a Japanese walnut oil. Various other values of

thia magnitude have been reported.^^^ Amounts of linolenic

add varying from 6 to 24% have been reported in hemp seed

^ 426,427.428 Aifinug othcT oils in wMch linolenic acid is present as

a major component may be mentioned: cedar nut oil,^ chrysalis

oil,"® fig seed oil,^“ peiilla oil,^® pine seed oil,"* and Para rubber

seed oil.*** It is present as a minor component in many of the

semi-diying oils of vegetable origin, such as soybean oil,*'^ 2.1%,

and grape seed oil,*** 2.4%. Small amounts have been reported

in butter fat.***

Prior to the work of Shinowara and Brown,*^* the hexabromide

reduction method **' was generally employed for the preparation of

linolenic add. Although this method results in a linolenic acid

having the theoretical iodine number and molecular weight, the

yields are poor and the possibility of isomerization during the

process has not been rigidly excluded. The fractional crystalliza-

tion method eliminates the possibility of isomerization; however,

it involves working at extremely low temperatures and does not

produce a linolenic acid free from other unsaturated acids. The
method is based on the fact that linolenic acid is more soluble in

acetone and other organic solvents than the acids with which it is

associated. Fractional ciystallization of the fatty acids of either

linseed or perilla oil from acetone at —23®, —45®, —60®, and finally

at —75® resulted in a filtrate which yielded a linolenic acid of 75%
purity. Repeated crystallization of this product from petroleum

ether at —60® resulted in a linolenic acid of 88% purity. The
contaminant was assumed to be linoleic acid.

Linolenic acid is a colorless liquid soluble m petroleum ether,

acetone, ethanol, and ether. Shinowara and Brown *^* reported a

melting point of —11.2 to —11.0® and 1.4780 for the acid

prepared by the crystallization method, and — 14.5 to — 14.4® and

no 1.4795 for the purified debrominated acid. Linolenic acid

can be distilled without material decomposition, bo 001-4) 002 157-
158®. Its density has been reported as^ 0.9046.

6fiyl2-OcUjdeaUnen(nc Acid.

CHs(CH2)4CH:CHCH2CH:CHCH2CH:CH{CH2)4C02H
This acid was first observed by Heiduschka and Lfift,*** along

with ordinary linolenic acid, in the oil obtained from the seeds of

the evening primrose. It 3delded a hexabromostearic acid which
melted at 195-196® and a hexahydroxystearic acid melting at 245®.

Heiduschka and Luft termed the acid 7-linolenic acid. In 1927,
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Eibner, Widenmayer, and Schild^" investigated the ozonisation

products of T-linolenic add and reported the add to be 6,9,12-*

octadecatrienoic add. They reported that its hexabromide melts

without decomposition at 203^. The structural similarity of

linolenic add to both petroselinic add and oleic acid is noteworthy.

It has been described as a bri^t yellow, pleasant-smelling liquid.

Other Norv<onjugaied Octadecatrienoic Acids

Fahrion has described an acid, claimed to be an octadecatrie-

noic acid (jecoric acid), which is present in small amounts in

sardine oil. The identity of jecoric acid has not been established

and Lewkowitsch ^ has expressed the opinion that it is impure

clupanodonic acid.

A supposedly non-conjugated octadecatrienoic acid has recently

been reported ^ to be present in the oil from the seeds of Sanialum

dlbum, and the name santalbic acid has been proposed. The acid

melts at 41-42^ and does not give a solid hexabromostearic acid

upon bromination. The actual structure of this acid has not been

determined.

9,11 ,13-^ctadecatnenoic Acid {Eleostearic Acid).

CHz{CH2)zCH :CHCH :CHCH : CH{CH2)7C02H

Eleostearic acid, the principal acid of Chinese wood oil or tung

oil, possesses a conjugated system of three double bonds. Owing
to the presence of this conjugated unsaturation, the chemical and
physical properties of eleostearic acid differ greatly from those of

linolenic acid.

Eleostearic acid readily adds two molecules of halogen; however,

the third molecule is added only with great diflBculty. Earlier

workers, therefore, were of the opinion that eleostearic acid con-

tained only two ethylenic linkages and was isomeric with linoleic

acid. Two forms of eleostearic acid, designated as a- and are

known, the latter resulting from the former by the action of light,

heat, or various catalysts. Both of these acids are solids, o-

eleostearic acid melting at 48^ and /^-eleostearic add at 71°. They
are considered to be stereoisomers; however, we still have much to

learn concerning the relationship which exists between them.

Only of-deostearic add occurs in the natural oils, and this add
was at first termed eleomargaric add.

Cloez ^ considered eleostearic add to be C17H30O2 ; however, in

1902 Maquenne proposed the formula C18H30O2 ,
and suggested

the names a- and |3-eleostearic acid to describe the lowersandhigher-
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melting isomerides respectively. A study of the bromination of

deostearic acid led Kametaka ^ to state that it is a dienoic acid

of the formula C18H32O2 ,
which opinion was accepted for many

years. Majima^® isolated valeraldehyde, valeric acid, azelaic

acid semialdehyde, and azelaic acid from the products of decom-

position of eleostearic acid ozonide, and thus placed the double

bonds between the ninth and tenth and the thirteenth and four-

teenth carbon atoms, as Maquenne^® had previously assumed,

theformulabeingCH3(CH2)3CH :CH(CH2)2CH :CH(CH2)7C02H.
This proposed formula found many adherents.^ Both a-

and
j
8-eleostearic acids easily absorb two moles of bromine, with

the formation of a solid tetrabromide melting at 115^ and a liquid

tetrabromide. The similarity in the melting point of this solid

tetrabromide with that obtained from linoleic acid suggested that

eleostearic acid is a stereoisomeride of linoleic acid. In 1921,

Nicolet^® showed that the tetrabromide from eleostearic acid

and that from linoleic acid are not identical, and in the next year

Bauer and Herberts pointed out that the debromination of

a-eleostearic acid tetrabromide by means of zinc yields only

iS-eleostearic acid. These facts apparently confirmed the supposi-

tion that eleostearic acid is a position isomer of linoleic acid, and

in 1924 Eibner, Merz, and Munzert^® attributed the peculiar

properties of eleostearic acid to the presence of two methylene

groups massed between two ethylenic linkages. The fact that

eleostearic acid contains three ethylenic linkages was suggested

by the work of Boeseken and Ravenswaay,^®® who called attention

to the high molecular refraction of this acid and observed that it

reacted with more than two moles of hydrogen during hydrogena-

tion. They considered that eleostearic acid contains three con-

jugated double bonds and proposed the formula CH3(CH2)3
-

CH:CHCH:CHCH:CH(CH2)7C02H, which is the present ac-

cepted structure. This structure has been confirmed by Eibner

and Rossmann from a detailed study of the ozonide decom-
position products. Fokin had previously stated that eleo-

stearic acid contained a conjugated system; however, he assumed
the presence of only two double bonds. The action of conju-

gated systems upon halogenation explains why eleostearic acid

readily forms a tetrabromide which resists further bromination.

li the present accepted formula for eleostearic acid is correct,

the tetrabromide should contain a double bond which can be

further brominated or oxidized. The hexabromide of eleostearic
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acid has been prepared by Bauer and Rohrbach and also by
van Loon,^^ by bromination of eleostearic acid in the presence of

ultraviolet light. The former of these reported a melting point of

139-141® and the latter, 157®. Debromination by means of zinc

yielded |3-eleostearic acid. The oxidation of eleostearic acid tetra-

bromide by means of peracetic acid has shown that it contains an

ethylenic bond.^®* Boeseken and van Krimpen^® have stated

that the hydrogenation of eleostearic acid with one mole of hydro-

gen gives an acid which contains a conjugated system of two
double bonds. The spectroscopic absorption studies of Manecke
and Volbert,^®® together with the extended investigation of the

oxidation products by Morrell and Marks, have further con-

firmed the belief that eleostearic acid is a* conjugated isomer of

linolenic acid.

The naturally occurring form of eleostearic acid, a-eleostearic

acid, has been assumed to have a cis configuration.'*^® The prepa-

ration of this acid from Chinese wood oil has been described in

detail by Thomas and Thomson.'*®® Eleostearic acid is easily con-

verted by light, heat, or catalysts such as iodine or sulfur into the

higher-melting /3-isomer. Debromination of the solid or liquid

bromides resulting from the bromination of either a- or /3-eleo-

stearic acid results in the foraiation of /8-eleostearic acid. All

attempts to reconvert /S-eleostearic acid into a-eleostearic acid have

been unsuccessful. A study of the oxidation products of these

acids indicates that they are cis~trans isomers. a-Eleostearic acid

melts at 48® and distils at 235® under 12 mm. in the presence of

carbon dioxide. It is easily soluble in ether, ethanol, carbon di-

sulfide, and petroleum ether. /3-Eleostearic acid melts at 71® and

is also soluble in the above solvents.

Japanese tung oil^ has been reported to contain 74.1% of

eleostearic acid, Chinese tung oil 78.0 to 79.7%, and Florida

tung oil^® 94.1%. Eleostearic acid is a major component of

bagilumbang nut oil ^ and essang seed oil,^® and also occurs in

smaller amounts in several other seed oils.

Conjugated unsaturated acids and their glycerides are quite

easily polymerized and possess the property of forming elastic

gels upon heating. Their chemical properties are characterized

by 1,4-addition, and their physical properties by exaltation of

the molecular refraction and characteristic ultraviolet absorptions.

Among the distinguishing reactions of conjugated acids is their

ability to combine with maleic anhydride, a reaction which is
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extensively employed for their quantitative estimation. In 1028,

Diels and Alder^ ascertained that compounds such as maleic

anhydride form l,4^dition products with conjugated diene hydro-

carbons. Boeseken and Hoevers have applied this reacticm to

9,11-octadecadienoic acid obtained by the dehydration of ricinoleic

add, and Morrell and Samuels ^ have investigated the maleic

anhydride addition products of a- and jd-eleostearic acids. Both

Or and jS-eleostearic acids 3deld crystalline maleic anhydride addi-

tion products which melt at 62° and 77° respectively. Oxidation

of these derivatives indicates that addition takes place at the

eleventh and fourteenth carbon atoms in the former case and at

the ninth and twelfth carbon atoms in the latter. The so-called

diene value is a measure of the ability of fatty oils and acids to

add maleic anhydride. In 1936-37, Kaufmann and coworkers

developed a laboratory method based upon maleic anhydride

addition to determine the number of conjugated double bonds

present in an acid or oil. The sample is treated with an excess of

maleic anhydride in acetone, and, after completion of the reaction,

the excess anhydride is removed by washing with water and is

determined by titration with standard alkali. Simultaneously,

Ellis and Jones ^ announced an essentially similar method in

which toluene is employed as the solvent and the addition is

catalyzed by a trace of iodine. These two methods have recently

been compared by Pelikan and von Mikusch.^^® Bickford, Dollear,

and Markley and also Bruce and Denley observed that hydrox-

ylated compounds containing no conjugated bonds showed sig-

nificant diene values. Lately, McKinney and Jamieson have

reported that eleostearic acid does not react quantitatively with

maleic anhydride.

10,l£yl4’^ctadecairienoic Add {Pseudth-eleostearic Add),

CHs{CH2)2CH :CHCH :CHCH : 2)8^03^
The treatment of linolenic add or its glyceride with an excess

of alkali was observed by Moore to 3deld an acid which melts

at 77° and which possesses a similarity to eleostearic add. Two
years later, Kass and Burr subjected linseed oil fatty adds to

the action of excess potassium hydroxide in anhydrous ethylene

glycol and made an extended investigation of the resulting product.

The oxidation products consisted of sebacic, oxalic, and ri-butyric

adds, indicating that the acid is 10,12,14-octadecatrienoic add.

It easily adds two moles of bromine to form a tetrabromide which
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melts at 104.5^. The brammaticm of pseudo-eieosteaiic acid in

the presence of ultraviolet li^t results in the formation of the

hexabromide, which melts at 152.5^. Kass and Burr suggested

that this add possesses a transjtransytrans or a tran8,cis,irons con-

figuration, since it fails to yield cleariy defined maleic anhydride

addition products.

The Polyethenoic Acids

Adds which contain four or more ethylenic bonds are important

components of the Inghly imsaturated oils of aquatic origin. They
occur, to a much more limited extent, in certain animal fats,

notably those of the liver and brain, and are probably also present

in traces in the animal depot fats. The polyethenoic adds yield

normal saturated acids upon hydrogenation, which shows them to

possess straight hydrocarbon chains. The principal unsaturated

acids of vegetable origin contain eighteen carbon atoms and show
a structural similarity to oleic acid in that they possess a double

bond between the ninth and tenth carbon atoms and contain the

group :CH(CH2)7C02H. In the polyethenoic group, however,

C20 and C22 acids appear to predcrniinate, and these acids show
little resemblance to the unsaturated fatty acids of the vegetable

kingdom. Groups such as :CHCH2CH:, :CH(CH2)2CH:, and
:CH(CH2)2C02H are characteristic of the polyethenoic acids of

marine oils, and it is interesting to note that in spite of their high

degree of unsaturation conjugation is apparently absent.^^^ Owing
to the difficulty of obtaining these acids in a state of purity and
in view of their high chemical activity, the actual structures of

many of the polyethenoic acids have not been definitely proved.

The polyethenoic acids can be classified according to their origin

into those which occur in the marine oils and those which are

found in the animal and vegetable kingdoms. Although such an

empirical classification leaves much to be derired, it is necessitated

by the present uncertainties regarding the characterization of

many of the individual acids of this group.

Polyethenoic Acids of Aquatic Origin

The highly unsaturated acids present in fish oils, marine animal

oils, algae fats, and other oils of aquatic origin were first investi-

gated by Tsujimoto.^^ These adds may be separated from the

more saturated adds by the fact that their lithium salts are ex-

ceedingly soluble in 95% acetone. The bromine derivatives of the
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more highly unsaturated acids are sparingly soluble in cold benzene.

Fractional distillation of the ethyl esters of the acid mixtures ob-

tained either by the lithium salt-acetone method or by the poly-

bromide meth(^ has resulted in the isolation of acids which in

many cases appear to be chemical individuals. In his initial work

upon these highly unsaturated acids, Tsujimoto considered only

one acid to be present, to which he gave the name clupanodonic

acid and assigned the formula C18H28O2. Subsequent work has

shown that these acid mixtures contain highly unsaturated acids

having from sixteen to twenty-four or more carbon atoms, and

that C20 s^d C22 acids predominate. It has also been recognized

that acids of different degrees of unsaturation are probably present

in each of these series. In studying these acids it must be realized,

therefore, that the structures assigned to them are still somewhat

Open to speculation and are subject to future revision.

The work of Tsujimoto was followed by a chemical examination

of the highly unsaturated acids of herring oil®^»^2® which showed

that approximately 7% of such acids are present and that in addi-

tion to the so-called clupanodonic acid the oil contained acids

corresponding to the formulas C20H30O2 and C22H34O2. In a

subsequent investigation, Tsujimoto^’® stated that clupanodonic

acid has the formula C22H34O2 and not C18H28O2 as he had

formerly suggested. Since this latter acid is also a recognized

component of the highly unsaturated fish oils, this change in

nomenclature was not without opposition.^^® The names moroc-

tic and stearidonic acid have since been given to C18H28O2.

Tsujimoto separated the acids of sardine oil by both the lithium

salt-acetone and the polybromide methods, and the repeated

fractional distillation of these products resulted in the preparation

of nearly pure clupanodonic acid, which he described as a light

yellow liquid with a fishy odor. This liquid became a semi-solid

at —78°; its physical constants were reported to be: 0 .9385
,

0.9356
,
nj) 1 .5039

,
and tid 1 .5020 . Eibner and Semmelbauer

confirmed the presence of substantial amounts of docosapentaenoic

acid in fish oils. A study of the decomposition products of the

ozonide of clupanodonic acid showed the following groups to be

present in this acid: (1 ) CH3CH2CH:, (2) :CHCH2CH:, (3)

:CH(CH2)2CH:, and (4) :CH(CH2)2C02H. The later investi-

gations of Toyama and Tsuchiya upon the decomposition prod-

ucts of the ozonides both of amyl clupanodonate and of the di- and
tetrabromides of clupanodonic acid indicated that clupanodonic
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acid is 4,8,12,15,19-docosapentaenoic acid. The evidence offered

by Inoue and Kato to the effect that clupanodonic acid contains

an acetylenic linkage has not been confirmed.^^

Although clupanodonic acid is the best known of the highly

unsaturated acids occurring in oils of aquatic origin, it is, as previ-

ously stated, only one of perhaps many highly unsaturated acids

present in such oils. Several of these acids have been isolated and
structures tentatively assigned to them; however, their existence

as chemical individuals requires further confinnation. It is quite

certain that at least one highly unsaturated member of each of

the Ci6 , Ci8 ,
C20 ,

C22 ,
and C24 series of acids occurs in these oils,

and it is also probable that several of these series may be repre-

sented by more than one acid. In general, the number of ethylenic

linkages increases with the number of carbon atoms. In the follow-

ing description of the acids which have so far been identified as

components of fish oils and various marine oils, it should be borne

in mind that the assigned structures are still subject to revision.

Hexadecatrienoic Acid {Hiragonic Acid). C16H26O2

Hiragonic acid has been described by Toyama and Tsuchiya,***®

who isolated the acid from sardine oil. The hexabromide is in-

soluble in ether but soluble in benzene, which permits of its separa-

tion from the other unsaturated acids of sardine oil. Hiragonic

acid has been described as a yellow liquid of 0.9324, dl® 0 9288,

riD 1.4876, nf) 1.4855, and iodine number 310.6. The hexa-

bromide melts at 190°. Hydrogenation produces palmitic acid.

The oxidation products of methyl hiragonate have been studied

by Toyama and Tsuchiya,^®® and these authors are of the opinion

that hiragonic acid is 6,10,14-hexadecatrienoic acid.

Octadecatetraenoic Acid {Moroctic Acid, Stearidonic Acid).

Ci^H2%02

The presence of an octadecatetraenoic acid in fish oils was first

suggested by Tsujimoto^^ and was confirmed by Brown and

Beal and later by Suzuki and Masuda.^®^ Its octabromide has

been reported to melt at 104.5°.^®® Hydrogenation of this acid

yields stearic acid. Toyama and Tsuchiya^®® prepared the acid

by the debromination of the ether- and benzene-insoluble bromides

of the highly unsaturated acids of sardine oil. The following phys-

ical constants were reported: dj® 0.9334, 0.9297, ni) 1.4930,

no 1.4911, mol. ref. 86.00, iodine number (Wijs) 372.6. Ozonolysis
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of both the methyl ester and the tetrathiocyanate indicuited moroo-

tic acid to be 4,8,12,15-octadecatetraenoic acid.

ficosofe^racnozcAcid. C2QHZ2O2

Eicosatetraenoic add has frequently been reported to occur in

fish and whale oils. Toyama and Tsuchiya^ have claimed to

have obtained this add by subjecting a high-boiling fraction of the

etliyl esters of sardine oil to a sodium soap-acetone separation.

Hydrogenation of eicosatetraenoic add produces arachidic acid.

Ozonolysis of the amyl ester indicated the acid to be 4,8,12,16-

eicosatetraenoic add.

Ei(u>8apentaenoic Acid {Timnodonic Acid). C20HZ0O2

Eicosapentaenoic acid has been stated to occur along with

eicosatetraenoic acids in the highly unsaturated adds of sardine

oil. Toyama and Tsuchiya^ obtained the acid from the high-

boiling ethyl esters of sardine oil and subjected the amyl ester to

ozonolysis. Their results indicated that this acid is 4,8,12,15,18-

eicosapentaenoic acid. In 1937, Sanna"^ named this acid tim-

nodonic acid.

Docosahexa^noic Acid. C22HZ2O2

An add claimed to be docosahexaenoic acid has been obtained,

along with clupanodonic acid, from the high-boiling esters of

sardine oil.^ Ozonolysis of the amyl ester indicated the acid to

be either 4,8,12,15,18,21- or 4,8,11,14,17,20-docosahexaenoic acid.

The former structure was preferred by the discoverers.

TetracoaahexaeTunc Acid {Nisinic Acid). €24^3^02

Tetracosahexaenoic acid has been reported by Toyama and
Tsuchiya to be present as its methyl ester in the residue result-

ing from the distillation of the methyl esters of sardine oil. The
add was separated by the fractional precipitation of the sodium

soaps from acetone. The amyl ester was ozonized and the de-

composition products determined. A study of these products,

with the assumption that the structure of nisinic add is corre-

lated with that of moroctic acid, indicated that nisinic add is

3,8,12,15,18,21-tetracosahexaenoic acid.

TetracosapenUienoic Acid (Scoliodonic Acid). C24H38O2

Ueno and Iwai^ have reported the presence of a tetracosa-

pentaenoic acid, to which they gave the name scoliodonic acid.
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in fish liver oils. The acid was stated by Toyama and Tsuchiya

to accompany nisinic acid in the distillation residue obtained

during the fractionation of the methyl esters of sardine oil acids.

Ueno and Takase oxidized tetracosapentaenoic acid by means
of ozone, obtaining succinic and acetic acids, acetaldehyde, and
carbon dioxide, thus indicating the presence of the following groups:

:CH(CH2)2C02H, :CHCH2CH:, and CH3CH2CH:.

Hexaco9ape7Ua£noic Acid (JShibic Add), C2QH42O2

Hexacosapentaenoic acid has been observed by Ueno and

Yonese^ to be present in small amounts in tunny oil. It has also

been reported to occur in other fish oils.^®^

Hexcu^osahexcLenoic Add {Thynnic Add), C2eH4o02

Hexacosahexaenoic acid has been stated by Ueno and Yonese

to be present in small amounts in tunny oil. Its physical constants

were reported to be: d^ 0.9433
, tid 1.5022, and iodine niunber

372.1.

The distribution of the highly unsaturated fatty acids which

occur in the various types of aquatic life offers an unusually

interesting biological and chemical study. Although the total

amounts of polyethenoic acids in the fats of fresh water fish and
of marine fish and marine mammals are comparable, there are

some very significant differences in the relative proportions of the

various types of acids contained in these fats. In general, the fats

of fresh water fish are characterized by the presence of large

amounts of unsaturated Cis acids with relatively small amounts

of unsaturated C20 and C22 acids, whereas in the marine fats the

unsaturated C20 and C22 acids predominate and the highly un-

saturated C16 and C18 acids are present in much smaller propor-

tions. Lovem ^ has suggested that this difference in composition

may be attributable to differences in the food consumed and

perhaps to environmental conditions. In 1937, Lovem ^ made a

comparison of the fats of the migratory sea trout and of the non-

migratory brown trout and found that they are definitely char-

acteristic of the marine and fresh water types of fats respectively.

The C18 unsaturated acids greatly predominated in the latter,

whereas the former contained a relatively greater amount of un-

saturated C20 osid C22 acids. A comparison of the composition of

the fats of grass- and mud-feeding carp with the food consumed

showed that factors other than the food must play an important

role in determining the composition of such fats.^
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The compositions of the fats of marine mammals approach

those of other marine species; however, highly unsaturated Cig

acids are more abundant in such fats than in the fish fats of marine

origin. Certain marine mammal oils are distinguished by rela-

tively lai^e amounts of unsaponifiable matter; the oil of the sperm

whale, for example, contains appreciable quantities of wax esters,

the presence of which may be due to some hydrogenation process

which occurs during fat metabolism. Fish liver oils are, in general,

more unsaturated than the body fats and are characterized by the

presence of quite large amounts of highly unsaturated C20 and C22

acids. Fish and marine animal liver oils contain appreciable quan-

tities of unsaponifiable materials which are present as higher

alcohols or as the terpenoid hydrocarbon squalene. Hilditch and

Houlbrooke have commented upon the large amount of squalene

preset in shark liver oils and have suggested several possible

mechanisms for its formation.

The fats of amphibians and reptiles are intermediate in com-

position between fats of aquatic and terrestrial origin. Tsuji-

moto has shown that such fats contain highlyunsaturatedC20and

C22 acids, and Klenk has observed that frog fat resembles

that of aquatic origin whereas lizard fat is of intermediate composi-

tion Appreciable amounts of highly unsaturated C20 and C22

acids have been reported by Kobayashi to be present in both

crocodile and alligator fats.

The fats contained in aquatic plants do not appear to exhibit

the characteristic constitutional differences between fresh water

and marine types which have been observed in the fish fats.

Tsujimoto ^ reported small amounts of highly unsaturated acids

in algae fats, and later Lovem investigated the composition of

the fats of a number of marine and fresh water algae. The fat of

green algae definitely resembles that of fresh water fish in that the

percentage of highly unsaturated Cie and Cis acids is quite high

while that of the C20 and C22 acids is low. Brown algae contain

more unsaturated C20 and C22 acids and the fat of the red algae

is distinctly marine in character. The differentiation of the fats

of these aquatic plants is, therefore, apparently correlated to the

color of the algae rather than to their environment.

A large amount of data have appeared in the literature relative

to the presence or percentages of the various highly imsaturated

acids which occur in specific oils of aquatic origin. Many of these

data, particularly from the earlier work, are probably quite em-
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pirical. Some of the acids which have been reported may actually

not exist, while others, assumed to be pure, may presumably con-

tain quite high amounts of other acids. Thus, the percentages of

clupanodonic acid reported in many of the fats may actually refer

to the total amoimts of high molecular weight unsaturated acids.

It is, however, of some interest to review a few of the typical ob-

servations which have been made upon the various types of fats

of aquatic origin. Herring oil has been reported to contain 9%
of clupanodonic acid. Large amounts of clupanodonic acid have

been observed in sturgeon oil,®®^ while whitefish oil and pilchard

oil contain 6.71 and 16.87% respectively. A large number of

observations have been made upon whale

shark and ray liver cod liver oil,^®^*®^^ tunny liver

oil,®^® seal oil,^“*“^ sea turtle fat,®^® and the fats of both marine

and fresh water algae.

A comparison of the compositions of the various highly un-

saturated fats of aquatic origin is best obtained by reporting the

mean unsaturation of the acids of various chain lengths rather

than attempting an actual identification of the acids themselves.

For example, in the analysis of a North Sea cod liver oil Hilditch

and Terleski have reported 22% of Cig acids (mean unsatura-

tion — 3.3H), 25% C20 acids (mean unsaturation —S.SH), 20%
C22 acids (mean unsaturation — 7.4H), and less than 1% C24

unsaturated acids. This method of comparison has been em-

ployed by many investigators. Recently, Farmer and Van den

Heuvel have made an extremely important contribution to the

study of the constitution of these highly unsaturated acids, and

it is quite probable that a continuation of their work vill establish

the structures of many of these acids. These authors subjected

mixtures of high molecular weight unsaturated acids or their

esters to molecular distillation at 10“^ mm., the time of contact of

the substance with the heated surfaces being not more than sixty

seconds. They pointed out that the ease of separation of two acids

of different chain length is much greater the lower the temperature

at which the distillation is conducted. It was also observed that

ordinary vacuum distillation of the methyl esters of highly un-

saturated acids is attended by appreciable polymerization or

cyclization owing to the prolonged heating. It is highly probable,

therefore, that much of the earlier work upon the structures of

these acids is questionable because of this factor. In a later

communication, Farmer^and Van den Heuvel subjected the
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unaaturated acids ot cod liver oil to molecular distillation. These

adds were first separated from the more saturated adds by the

lithium soap-acetone method. The hipest temperature recorded

was 110^ and the total time of contact approximately sixty seconds.

The mean number of ethylenic groups of the adds of various chain

length was found to be as follows: Cie, 1.3; Cig, 2.7; C20, 4.9; and

C229 6. The refractive index, 1.49300, and the molecular re-

fraction, 107.25, showed the C22 ^dd to be homogeneous. Oxida-

tion of the so-obtained methyl docosahexaenoate by potassium

permanganate and by ozone showed it to possess one of five pos-

sible structures, which are: 4,8,11,14,17,26-, 4,7,11,14,17,26-,

4,7,10,14,17,25-, 4,7,10,13,17,20-, and 4,7,10,13,16,25-docoeahexae-

noic adds. These observations raise considerable doubt as to the

correctness of the structures previously assigned to clupanodonic

acid. Farmer and Van den Heuvel stated that the structure of

the fish oil acids is such that a C26 or C28 £tcid can have a maximum
of 8 double linkages; a C24, 7; a C20 or C22) 0; a Cig, 6; and a

C161 4. It has been suggested that possibly the polyetiienoic acids

may be limited to one member for each chain length. The poly-

ethenoic acids of aquatic origin certainly merit further investiga-

tion, which would undoubtedly result in a clarification of many of

these points.

POLYETHENOIC AciDS OF AnIMAL OrIGIN

The occurrence of polyethenoic fatty acids in certain animal

fats, mainly those of the kidney, liver, and brain, was first suggested

by Hartley.®® In 1909, Hartley ^ announced the presence of an

eicosatetraenoic acid, C20H32O2, in liver lipides, the evidence

being based upon the separation of an octabromoarachidic acid

and an octahydroxyarachidic acid from the bromination and
oxidation products of the highly unsaturated acids of liver lipides.

Lewkowitsch ^ has suggested the name arachidonic acid for this

acid. Levene and coworkers have confirmed the presence of

arachidonic acid in liver lecithin and also in egg lecithin and brain

cephalins and lecithins. The evidence for the occurrence of

arachidonic acid was based upon the isolation and debromination

of the octabromide and the subsequent hydrogenation of the re-

sulting product to arachidic acid. The isolation of arachidonic

acid from brain tissue has been described by Wesson,®^ who also

established the presence of small amounts of arachidonic acid in

rat liver, pancreas, kidney, lung, ^leen, lymph gland, and muscle
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fats, and suggested that arachidonic acid may be an intennediate

product in the metabolism of certain fatty adds containing less

than twenty carbon atoms. Kimura ^ has identified arachi-

donic add in ox liver oil, and Suzuki has observed it to occur in

very small amounts in Chinese egg yolk oil. Snider and Bloor ^
have reported arachidonic acid to be present in liver lecithin.

Although arachidonic acid appears in the greatest amount in

the fatty substances of the brain, liver, and glandular organs, it

is apparently present in small amounts in all the animal fats and

is probably an essential acid for animal nutrition.^ Arachidonic

acid has been observed in small percentages in human depot fat,^”*

in pig and ox depot fats,®”-®*® in beef heart lipides,**^ and in

butter fat.®“ Brown *** has isolated from liver lipides an arachi-

donic acid having nf) 1.5563, iodine number 316.2 (theory 334),

mol. wt. 306.8 (theory 304), and a polybromide number of 80.4.

The acid was described as a light-amber-colored oil possessing a

distinctly fishy odor. In 1934, Ault and Brown prepared

arachidonic acid from beef suprarenal phosphatides by both the

lithium soap-acetone and the polybromide methods and obtained

an acid melting at —49.5° which had tid 1.4824, iodine number

332.7, and a polybromide number of 84.2. The phosphatides of

beef suprarenals have been observed to contain 22% of arachidonic

acid and have been stated to be the best starting material for

the preparation of this acid. Recently, Shinowara and Brown
have prepared methyl arachidonate by low-temperature, fractional

crystallization from acetone of the methyl esters of the fatty acids

of beef suprarenal phosphatides. A comparison of the ester so

obtained with methyl arachidonate prepared by the debromination

method has indicated the two to be similar. Ozonolysis and also

oxidation of the resulting acid with potassium permanganate in

acetone has shown the arachidonic acid from this source to be

6,10,14,18-eicosatetraenoic acid.

There is considerable evidence to support the belief that acids

more highly unsaturated than arachidonic acid, such as highly

unsaturated C22 and C24 acids, may also be present in certain

animal fats. Brown has suggested the occurrence of a tetra-

cosapentaenoic acid in brain lipides, and later Brown and Ault

stated that this acid is present in both beef and sheep brain lipides,

but is absent, or present only in traces, in the lipides of hog brain.

Docosapentaenoic acid has been reported in beef brain fatty

acids; Irving and Smith have stated that both C20 and C22
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unsaturated acids occur in pig liver acids; and Sueyoshi and Furu-

kubo ^ have observed a docosapentaenoic acid in the fatty acids

of egg lecithin. The presence of both C20 &nd C22 unsaturated

acids has been reported in pig depot fats and egg yolk fat.®^

Small amounts of clupanodonic acid have been observed in lard

oils.®^*

POLYETHENOIC AciDS OP VEGETABLE ORIGIN

The polyethenoic acids characteristic of fats of marine and fresh

water origin and of various animal fats apparently do not occur

in the vegetable kingdom. The only example of a polyethenoic

acid in the vegetable fats is parinaric acid, which was first described

by Tsujimoto and Koyanagi.®^ They obtained the acid from

‘‘akarittom’’ (Parinarium laurinum) seed fat and considered it

to be an isomer of eleostearic acid. Parinaric acid melts at 85-86°

and was found by Tsujimoto to yield a iS-parinaric acid melting

at 95-96° when exposed to light or to various catalytic agents

An earlier investigation of this acid by Farmer and Sunderland

showed it to contain four conjugated ethylenic linkages and estab-

lished its structure as 9,11,13,15-octadecatetraenoic acid. The
presence of the ethylenic bond in the 9,10-position definitely

distinguishes this acid from the polyethenoic acids of aquatic or

animal origin.

References

1. Pigulevskil, J. Rva8. Phys. Chem, Soc,, 47, 393 (1915).

2. Pigulevskii, tbid., 47, 2032 (1915); 48, 324 (1916).

3. Ivanov, BuU. univ. Asie cerUrale^ No. 12, 21 (1926).

4. Ivanov and Klokov, AUgem. Oel- u. FeU-Ztg
, 30, 149 (1933).

5. Bauer, FeUchem. Umschau, 41, 1 (1934)

6. Henriques and Hansen, Skand. Arch, Physiol., 11, 151 (1901).

7. Isaachsen, ibvd., 66, 273 (1929).

8. Ellis and Zeller, J. Biol. Chem., 89, 185 (1930).

9. Lovem, Biochem. J., 26, 1978 (1932).

10. Klenk, Ditt, and Diebold, Z. physiol. Chem , 232, 54 (1935).

11. Zeidler, Ann., 187, 30 (1877).

12. Messerschnudt, iM., 208, 92 (1881).

13. Conrad and Bischoff, ibid., 204, 166 (1880).

14. Perkin and Simonsen, /. Chem. Soc., 91, 816 (1907).

15. Doebner, Ber., 36, 1136 (1902).

16. Fittig, Ann., 283, 47 (1894).

17. Marburg, ibid., 294, 89 (1897).

18. Fichter and P&ter, Ber., 37, 1997 (1904).

19. Fittig and MacKenzie, Ann., 283, 82 (1894).

20. Thiele and Jehl, Ber., 36, 2320 (1902).



REFERENCES 151

21. Goldberg and linstead, J. Chem. Soc.^ 2343 (1328).

22. Fittig and Sp^oaer, ilnn., 288, 66 (1894).

23. Fittig and Frfinkel, Md., 856, 18 (1889).

24. Zincke and KOster, Ber., 88, 486 (1889).

25. Vierhaus, ibid., 86, 915 (1893).

26. Auwers, Ann., 438, 46 (1923).

27. Boxer and linstead, J. Chem. Soc., 740 (1931).

28. Crossley and Le Sueur, ibid., 77, 83 (1900).

29. Rupe, Ronus, and Lotz, Ber., 35, 4265 (1902).

30. Bourguel, Compt. rend., 188, 1494 (1929).

31. Menozzi and Pantoli, Gaaz. chtm. ital., 83, II, 209 (1893).

32. Wallach, Ann., 318, 171 (1900); 343, 40 (1905).

33. Helferich and Malkomes, Ber., 55, 702 (1922).

34. Fichter and Langguth, ibid., 80, ^50 (1897).

35. Letch and Linstead, J. Chem. Soc., 1994 (1934).

36. Linstead and Rydon, ibid., 1995 (1934).

37. Walker and Lumsden, ibid., 79, 1197 (1901).

38. Ciamician and Silber, Ber., 41, 1071 (1908).

39. Fichter, ibtd., 89, 2367 (1896).

40. Eccott and Linstead, J. Chem. Soc., 2153 (1929).

41. Hofmann, Ann., 110, 129 (1859).

42. Doebner, Ber., 33, 2140 (1900).

43. Fittig, ibid., 24, 82 (1891).

44. Fittig and Barringer, Ann., 161, 307 (1872).

45. Fittig and Baker, ibid , 883, 117 (1894).

46. Rupe, ibid., 327, 157 (1903).

47. Evans and Farmer, J. Chem. Soc., 1644 (1928).

48. Burton and Ingold, ibid., 2022 (1929).

49. Delaby and Lecomte, BvU. soc. chim. [5], 4, 1007 (1937).

50. Linstead and Noble, J. Chem. Soc., 610 (1934).

51. Kon, Linstead, and Maclennan, ibid., 2454 (1932).

52. Zaar, Ber. Schimmd & Co., Akt.~Ge8., 299 (1929).

53. Isaacs and Wilson, J. Chem. Soc., 574 (1936).

54. Walbaum and Rosenthal, Ber. Schimmd & Co., Akt.-Ge8., 205 (1929);

J. prakt. Chem. [2], 124, 63 (1930).

55. Gaubert, linstead, and Rydon, J. Chem. Soc., 1971 (1937).

56. Fairweather, Proc. Roy. Soc. Edinburgh, 46, 71 (1926).

57. Fichter and Gully, Ber., 30, 2047 (1897).

58. Fittig and Schmidt, Ann., 255, 68 (1889).

59. Delaby and Guillot-Alldgre, BvU. soc. chim. [4], 53, 301 (1933).

60. Carmichael, J. Chem. Soc., 121, 2545 (1922).

61. Bachman, J. Am. Chem. Soc., 4279 (1933).

62. Brown and Walker, Ann., 274, 41 (1893).

63. Knoevenagel, Ger. Patent 156,560 (1902).

64. Fittig and Sdineegans, Ann., 227, 79 (1885).

65. Harding and Weizmann, Proc. Chem. Soc., 26, 24 (1910).

66. Smedley, Biodiem. J., 6, 451 (1912).

67. Grun and Wirth, Ber., 55, 2197 (1922).

68. Bosworth and Brown, J. Bud. Chem., 108, 115 (1933).

69. Bosworth, ibid., 106, 235 (1934).



152 THE ETHYLENIC FATTY ACIDS

70. Riemensdmeider and Ellis, ibid., 118, 219 (1936).

71. Toyama and Tsuchiya, J, Chem. Soc, Japan, 66, 1313 (1935).

72. Toyama, J. Soc. Chem. Ind., Japan, 40, S.b. 285 (1937).

73. Komori and Ueno, BvU. Chem. Soc. Japan, 12, 226, 433 (1937).

74. Bussy and Lecanu, J. pharm. chim. [2], 18, 57 (1827).

75. Bus^, find. [3], 8, 321 (1845).

76. KrafPt, Ber., 10, 2034 (1877).

77. Becker, ibid., 11, 1412 (1878).

78. Perkin, /. Chem. Soc., 49, 205 (1886).

79. Brunner, Ber., 19, 2224 (1886).

80. Leeds, ibid., 16, 290 (1883).

81. Goldsobel, ibid., 27, 3121 (1894).

82. Simon, Compt. rend., 180, 833 (1925).

83. Perkins and Cruz, J. Am. Chem. Soc., 49, 1070 (1927).

84. Vernon and Ross, ibid., 68, 2430 (1936).

85. Barbot, BuU. soc. chim. [5], 2, 895 (1935).

86. Krafft and Seldis, Ber., 88, 3571 (1900).

87. Harris and Smith, J. Chem. Soc., 1108 (1935).

88. Tomecko and Adams, J. Am. Chem. Soc., 49, 522 (1927).

89. Raimann, MoruUsh., 6, 891 (1886).

90. Kono and Maruyama, J. Agr. Chem. Soc. Japan, 15, 177 (1939).

91. Griin, Z angew. Chem., 87, 228 (1924).

92. Hilditch and Paul, Btochem. J., 80, 1905 (1936).

93. Hilditch and Longenecker, J. Biel. Chem., 122, 497 (1938).

94. Hilditch and Lovem, J. Soc. Chem. Ind., 47, 106T (1928).

95. Lexow, Ttds. Kemi, 16, 309 (1918).

96. Toyama and Tsuchiya, J. Chem. Soc. Japan, 66, 1050 (1935).

97. Tsujimoto, J. Soc. Chem. Ind., Japan, 29, 105 (1926).

98. Iwamoto, Md., 24, 1143 (1921).

99. Hata, J. Chem. Soc. Japan, 60, 122 (1939).

100. Chuit, Boelsing, Hausser, and Malet, HeJv. Chim. Ada, 10, 113 (1927).

101. Armstrong and Hilditch, /. Soc. Chem. Ind., 44, 180T (1925).

102. Wagner, AUgem. Oel~ u. Fett-Ztg., 24, 340 (1927).

103. Toyama and Tsuchiya, J. Soc. Chem. Ind., Japan, 80, 207 (1927).

104. Hilditch and Houlbrooke, Analyst, 58, 246 (1928).

105. Hilditch and Terleski, J. Soc. Chem. Ind., 66, 315T (1932).

106. Ono, J. Agr. Chem. Soc. Japan, 11, 773 (1935).

107. Ogata and Minato, J. Fheam. Soc. Japan, 60, 191 (1940).

108. Smith and Dastur, Biochem. J., 82, 1868 (1938).

109. Hilditch and Longenecker, ibid., 81, 1805 (1937); Longenecker and
Hilditch, ibid., 82, 784 (1938).

110. Tsujimoto, Chem. Umschau, 80, 33 (1923).

111. Tsujimoto, ibid., 82, 202 (1925).

112. Toyama, ibid , M, 19 (19^).
113. Hilditch and Ixivem, J. Soc. Chem. Ind., 48, 359T (1929).

114. Toyama and Tsuchiya, J. Soc. Chem. Ind., Japan, 88, S.b. 680 (1935).

115. Tsujimoto, Butt. Inet. Tokyo Ind. Research Lab. [3], 28, 53 (1928); Chem.
Umschau, 85, 225 (1928).

116. Lauer, Gensler, and Miller, J. Am. Chem. Soc., 68, 1153 (1941).

117. Hofstadter, Ann., 91, 177 (1854).



REFERENCES 153

118. GosBnuum and Scheven, ibid,, 94, 230 (1855).

119. Caldwell and Gossmann, Und., W, 305 (1856).

120. Schroder, ibid,, 148, 22 (1867).

121. Ljubarsky, J, prakt, Chm, [2], 67, 19 (1898).

122. Bauer and Neth, Chem, Umaduiu, 81, 5 (1924).

123. Bull, Ber., 39, 3570 (1906).

124. Lewkowitsch, Jahrh, Chem., 16, 402 (1906).

125. Bonnevie-Svendsen, Tide, Kemi Farm, Terapi, 13, 212 (1916).

126. Kreiling, Ber., 21, 880 (1888).

127. Schon, Ann., 844, 253 (1888).

128. Hazura and Griissner, Monateh., 10, 242 (1890)

129. Bodenstein, Ber., 27, 3397 (1894).

130. Meyer and Beer, Monatsh., 34, 1195 (1913).

131. Heiduschka and Felser, Z. Untereueh. Nahr.~ u. Genuasm., 88, 241 (1919).

132. Jamieson, Baughman, and Brauns, J. Am. Chem. Soc., 43, 1372 (1921).

133. Hilditch and Vidyarthi, J. Soc. Chem. Ind., 46, 172T (1927).

134. Toyama, Chem. Umechau, 31, 221 (1924).

135. Tsujimoto, J. Soc. Chem. Ind., Japan, 29, 195 (1926).

136. Tsujimoto, ibvd., 29, 67 (1926).

137. Toyama and Tsuchiya, ibid., 30, 63 (1927).

138. Toyama, ibid., 30, 603 (1927).

139. Milligan, Knuth, and Richardson, J. Am. Chem. Soc., 46, 157 (1924).

140. Kawai, J. Chem. Soc. Japan, 49, 227 (1928).

141. Hilditch and Jasperson, J. Soc. Chem. Ind., 57, 84 (1938).

142. Hilditch and Thompson, ibid., 56, 434T (1937).

143. Longenecker, ihtd., 56, 199T (1937).

144. Klenk, Z. phyeiol Chem., 221, 67 (1933).

145. Hilditch, Lea, and Pedelty, Btochem. J., 33, 493 (1939).

146. Banks, Hilditch, and Jones, ibid., 27, 1375 (1933).

147. Hilditch, Jones, and Rhead, ibid., 28, 786 (1934).

148. Hilditch and Paul, ibid., 81, 227 (1937).

149. Green and Hilditch, ibid

,

32, 681 (1938).

150. Riemenschneider and Elhs, J. Biol. Chem., 114, 441 (1936).

151. Trost and Doro, Ann. chim. applicata, 27, 233 (1937).

152. Hilditch and Pedelty, Biochem. J., 31, 1964 (1937).

153. Irving and Smith, ibid., 29, 1358 (1935).

154. Chargaff, Z. phyawl. Chem., 218, 223 (1933).

155. Rathje, Arch. Pharm., 246, 692 (1908).

156. Langer, ibid., 227, 241 (1889).

157. Riebsomer and Johnson, J. Am. Chem. Soc., 66, 3352 (1933).

158. Takahashi, Shirahama, and Ito, J. Chem. Soc. Japan, 69, 662 (1938).

159. Hilditch, Rec. trav. chim., 67, 503 (1938).

160. Marasse, Ber., 2, 359 (1869).

161. Ponzio, Gazz. chim. tUd., 36, II, 132 (1905).

162. Fokin, J. Russ. Phye. Chem Soc., 44, 653 (1912).

163. Ponzio, Gazz. chim. ital., 84, II, 77 (1904); 36, II, 569 (1905).

164. Le Sueur, J. Chem. Soc., 86, 1708 (1904).

165. M. Saytzeff, C. Saytzeff, and A. Saytzefif, J. prakt. Chem. [2], 86, 369

(1887); [2], 87, 269 (1888).

166. Semeria, AUi aecad. aci. Torino, 69, 700 (1924).



154 THE ETHYLENIC FATTY ACIDS

167. Eckert and Halla, MonaUh.^ Si, 1815 (1913).

168. PoBtemak, Compt. rend,, 168, 944 (1916).

169. Egorov, /. Rtas. Phys. Chem. Soe., 46, ^5 (1914).

170. Vongerichten and Kohler, Ber., 48, 16^ (1909).

171. Palazzo and Tamburello, AUi accad, Lincet [5], 88, II, 352 (1914).

172. Hilditch and Jones, J, Soc, Chem. Ind., 46, 174T (19^).

173. van Loon, Rec. trav. chim., 46, 492 (1927).

174. Hilditch and Jones, Btochem. /., 88, 326 (1928).

175. Christian and Hilditch, t&td., 83, 327 (1929).

176. Eibner, Widenmayer, and Schild, Chem. Umschau, 84, 312 (1927).

177. Vanin and Chemoyarova, J. Gen. Chem. {U.S.S.R.), 6, 1537 (1935).

178. Chemoyarova, Und., 9, 149 (1939).

179. Matthes and Boltze, Arch. Pharm.^ 860, 211 (1912).

180. Hartley, J. PhysioLf 88, 353 (1909).

181. Pigulevskii and Simonova, J. Gen. Chem. {U.S.S.R.)f 9, 1928 (1939).

182. Amaud and Posternak, Compt. rend.^ 160, 1130, 1245 (1910).

183. Amaud and Posternak, tfrtd., 160, 1525 (1910).

184. Steger, van Loon, Vellenga, and Pennekamp, Rec. trav. ckim., 67, 25

(1938).

185. Steger, van Loon, and Pennekamp, i&td., 69, 952 (1940).

186. Varrentrapp, Ann., 86, 196 (1840).

187. Moore, J. Soc. Ch^. Ind., 88, 320T (1919).

188. Hilditch and Vidyarthi, Proc. Roy. Soc. (London), A122, 552 (1929).

189. Steger and Scheffers, Chem. Umschau, 88, 61 (1931).

190. Bauer and Krallis, tbid., 88, 201 (1931); 41, 194 (1934).

191. Laurent, Ann. chim. phys. [2], 66, 136 (1837).

192. Bromeis, Ann., 86, 86 (1840).

193. Redtenbacher, ibid., 59, 41 (1846).

194. Saytzeff, J. Rues. Phys. Chem. Soc., 17, 417 (1885); J. praki. Chem. [2],

81, 541 (1885); [2], 88, 300 (1886).

195. Spiridonoff, ibid. [2], 40, 243 (1889).

196. Baruch, Ber., 27, 172 (1894).

197. Edmed, /. Chem. Soc., 73, 627 (1898).

198. Molinari, Ann. soc. chim. Milano, 9, 507 (1903); Molinari and Sondni,

Ber., 89, 2735 (1906); Mohnari and Barosi, ibid., 41, 2794 (1908).

199. Harries, ibid., 36, 1933 (1903) ; 89, 3728 (1906); 42, 446 (1909); Ann., 374,

288 (1910); Harries and TQrk, Ber., 38, 1630 (1905); 89, 3732 (1906);

Harries and Thieme, Ann., 848, 354 (1905).

200. Armstrong and Hilditch, J. Soc. Chem. Ind., 44, 43T (1925).

201. NoUer and Bannerot, /. Am. Chem. Soc., 66, 1563 (1934).

202. Robinson and Robinson, J. Chem. Soc., 127, 175 (1925).

203. Margaillan and Angeli, Compt. rend., 206, 1662 (1938); AUi congr.

irdem. chim., 4, 278 (1939).

204. Ellis and Isl^ll, J. Biol. Chem., 69, 239 (1926).

205. Lode, Fettchem. Umschau, 42, 205 (1936).

206. Schuette, Garvin, and Schwoegler, J. Bid. Chem., 107, 635 (1934).

207. Jamieson and Baughman, J. OH & Fat Ind., 2, 40 (1925); Baughman and
Jamieson, ibid., 2, 110 (1926); Jamieson, Hann, and Baughman, OH dk

Fat Industries, 4, 63 (1927).



REFERENCES 155
208.

#Jaimeson, ibid.^ 4, 426 (1927).

209. Hilditch and Jones, /. Chem. 8oc.<, 805 (1932).

210. Brandonisio, Chimica e induatna lialy^ 18, 14 (1936).

211. Heiduschka and Wiesemann, /. prakt, Chem. [2], 184, 240 (1930).

212. Patel, Sudborough, and Watson, J, Indian Inst. Sci.j 6, 111 (1^3).

213. Dean and Hilditch, /. Soc. Chem. Ind., 68, 165T (1933).

214. Power and Salway, J. Am. Chem. Soc., 88, 346 (1910).

215. Jamieson and Baughman, tbtd., 48, 1197 (1920).

216. Baughman, Brauns, and Jamieson, ibid., 48, 2398 (1920).

217. Baughman and Jamieson, ibid., 43, 2696 (1921).

218. Baughman and Jamieson, ibid., 48, 152 (1920).

219. Baughman and Jamieson, ibid., 44, 2947 (1922).

220. Jamieson and Baughman, ibid., 44, 2952 (1922).

221. Cruz and West, Philippine J. Sci., 61, 161 (1936).

222. Colhn, Biochem. J., 87, 1366 (1933).

223. Taylor and Clarke, J. Am. Chem. Soc., 49, 2829 (1927).

224. Lepkovsky, Feskov, and Evans, ibid., 68, 978 (1936).

225. Wilhams and Maslov, Schnften zentral. Forech.-Inet. LebenemiUdcbem.

(U.S.S.R.), 4, 150 (1935).

226. Gusserow, Arch. Pharm., 87, 153 (1828).

227. Twitchell, J. Ind. Eng. Chem., 18, 806 (1921).

228. Lapworth, Pearson, and Mottram, Biochem. J., 19, 7 (1925).

229. Scheffers, Rec. irav. chim., 46, 293 (1927).

230. Bertram, ibid., 46, 397 (1927).

231. Raymond, Chimie & induairie. Special No., p. 523 (February, 1929).

232. Skellon, /. Soc. Chem. Ind., 60, 131T (1931).

233. Keffler and McLean, ibid., 54, 362T (1935).

234. Hartsuch, J. Am. Chem. Soc., 61, 1142 (1939).

235. Brown and Shmowara, ibid., 69, 6 (1937).

236. Brown, Chem. Rev., 89, 333 (1941).

237. Smith, J. Chem. Soc., 974 (1939).

238. Wheeler and Riemenschneider, Oil & Soap, 16, 207 (1939).

239. Foreman and Brown, Oil dk Soap, 81, 183 (19^); Millican and Brown,

J. Biol. Chem., 164, 437 (1944).

240. Kirschner, Z. physik. Chem., 79, 759 (1912).

241. Reimer and Will, Ber., 80, 2385 (1887).

242. Zellner, Manatsh., 17, 309 (1896).

243. Grabner, Seife, 7, 167 (1921).

244. Hilditch, Riley, and Vidyarthi, J. Soc. Chem. Ind., 46, 462T (1927).

245. Bnini and Gomi, AUi accad. Lmcei [5], 8, II, 181 (1899).

246. MascareUi, ibid. [5], 88, II, 583 (1914); Mascaielli and Toschi, ibid.

[5], 88, II, 586 (1914); MascareUi and Sanna, ibid. [5], 84, II, 30 (1915).

247. MilUer, J. Chem. Soc., 188, 2043 (1923); MtlUer and Shearer, Und., 188,

3156 (1923).

248. Marsden and Rideal, ibid., 1168 (1938).

249. Harkins and Florence, Nature, 148, 913 (1938).

250. Poutet, Ann. chim. phye. [2], 18, 58 (1819).

251. Boudet, Ann., 4, 1 (1832).

252. Meyer, Und., 86, 174 (1840).



156 THE ETHYLENIC FATTY ACIDS

253. Gk>ttUeb, ibid., 57, 33 (1846).

254. lidow, J. Ru88. Phya. Chem. Soe., 84, 515 (1862); 87, 178 (1865).

255. Jegorow, ibid., 36, 673 (1603); /. prakt. Chem. [2], 86, 521 (1612).

256. M. Saytzeff, C. Saytzefif, and A. Saytzeff, J. prakt. Chem. [2], 60, 73 (1864).

257. Fokin, /. Rues. Phya. Chem. Soc., 48, 1068 (1610).

258. Rankoff, Ber., 62B, 2712 (1626); 64B, 616 (1631); 69B, 1231 (1636).

256. Griffiths and Hilditch, J. Chem. Soc., 2315 (1632).

260. Bertram, Chem. Weekblad, 83, 3, 216 (1636); Ole, FeUe, Wachae, Seife,

Koametik, No. 7, 1 (1638); U. S. Patent 2,165,530 (1636); Rec. trav. chtm.,

56, 650 (1640).

261. Holde and Rietz, Ber., 57, 66 (1624).

262. Shukoff and Schestakoff, J. prakt. Chem. [2], 67, 414 (1903).

263. Vesely and Majtl, Chem. Liaty, 19, 345 (1625); Bidl. aoc. chim. [4], 39,

230 (1636).

264. Bauer and Panagoulias, Chem. Umachau, 37, 189 (1930).

265. Hilditch, ibid., 87, 354 (1930).

266. Channon, Irving, and Smith, Biochem. J., 88, 840 (1934).

267. Hartley, J. Phymol., 38, 353 (1909).

268. Fokm, J. Rasa. Phya. Chem. Soc., 46, 1027 (1914).

269. Grim and Czerny, Ber., 69B, 54 (1926).

270. Bdeseken and van Erimpen, Veralag Akad. Wetenachappen Amaterdam,

37, 66 (1928); Proc. Acad. sU. Amaterdam, 31, 238 (1928).

271. Bertram, Biochem. Z., 197, 433 (1928).

272. Grossfeld and Simmer, Z. UrUerauch. Lebenam., 59, 237 (1930).

273. Boer, Jansen, and Kentie, Nature, 158, 201 (1946).

274. Bauer and Mitsotakis, Chem. Umachau, 36, 137 (1928).

275. Hilditch and Vidyarthi, Proc. Roy. Soc. (London), 122A, 563 (1929).

276. Puzanov, Maaldb&tno Zhtrovoe Delo, 12, 444 (1936).

277. Moore, J. Soc. Chem. Ind., 38, 320T (1919).

278. Bauer and Ermann, Chem. Umachau, 87, 241 (1930).

279. Scharling, J. prakt. Chem., 43, 257 (1848).

280. Heyerdahl, in Cod-Liver Od and Induatry, by Peter Moller, Ixxxviii,

London (1895).

281. Oskerk, J. Ruaa. Phya. Chem. Soc., 46, 411 (1914).

282. Toyama, J. Soc. Chem. Ind., Japan, 29, 531 (1626); 80, 519 (1927);

Toyama and Tsuchiya, ibid., 30, TSM (1927).

283. Takano, dnd., 36, S.b. 549 (1933).

284. Toyama and Tsuchiya, ibid., 37, S.b. 14 (1934).

285. Toyama and Ishikawa, ibid., 37, S.b. 534 (1934).

286. Greene and Foster, Baton. Gaz., 94, 826 (1633).

287. McKinney and Jamieson, Od & Soap, 18, 289 (1936).

288. Green, Hilditch, and Stainsby, J. Chem. Soc., 1750 (1936).

289. Darby, Ann., 69, 1 (1849).

290. Holt, Ber., 25, 961 (1892).

261. Fileti, J. prakt. Chem. [2], 48, 72 (1863); Fileti and Ponzio, dnd. [2], 48,

323 (1863).

262. Websky, Jahreaber. Fortachr. Chem., 443 (1853).

263. Taufel and Bauschinger, Z. Unterauch. Ldbenam., 56, 253 (1628).

264. Sudborough, Watson, Ayyar, and Damle, J. Indian Inat. Sci., 9A, 26

(1626).



REFERENCES 157

295. Hilditch, Riley, and Vidyarthi, J. 8oc. Chem. Ind., 46, 457T (1927).

296. Toyama, J, Soc. Chem. Ind., Japan, 25, 1044 (1922).

297. van Loon, Rec. iron, chim., 49, 745 (1930).

298. Sudborough, Watson, Ayyar, and Mascarenhas, J. Indian Inst. Sci.,

9A, 43 (1926).

299. Sudborough, Watson, Ayyar, and Mirchandani, tbid., 9A, 52 (1926).

300. Hilditch and Meara, J. Chem. Soc., 1608 (1938).

301. Fitz, Ber., 4, 442 (1871).

302. Carrie and Brunet, Compt. rend., 185, 1516 (1927).

303. Mikshich and Rezhek, Bull. soc. chim. roy. Yongoslav., 1, No. 2, 29 (1930).

304. Taufel, Fischler, and Jordan, AUgem. Oel- u. Feti^Ztg., 28, 119 (1931).

305. Taufel and Thaler, FeUchem. Umschau, 41, 196 (1934).

306. Reimer and Will, Ber., 19, 3320 (1886).

307. NoUer and Talbot, Organtc Syntheses, Coll. Vol. 2, Blatt, editor, p. 258,

John Wiley & Sons, New York (1943).

308. Holde and Wilke, Z. angew. Chem., 35, 289 (1922).

309. Thomas and Mattikow, J. Am. Chem. Soc., 48, 968 (1926).

310. Taufel and Bauschinger, Z. angew. Chem., 41, 157 (1928).

311. Krafft and Noerdlinger, Ber., 22, 816 (1889).

312. Haussknecht, Ann., 143, 40 (1867).

313. Sudborough and Gittins, J. Chem. Soc., 95, 315 (1909).

314. Rankoff, J. prakt. Chem. [2], 131, 293 (1931).

315. Rankoff, Ber., 63, 2139 (1930).

316. Keffler and Maiden, Btdl. soc. chim. Bdg., 44, 467 (1935).

317. Bruni and Gorm, Gazz. chim. %tat., 30, I, 55 (1900).

318. Mascarelli and Toschi, ibid., 45, I, 313 (1915); Mascarelli, Attt accad.

Lincei [5], 26, I, 71 (1917).

319. Toyama, J. Soc. Chem. Ind., Japan, 30, 597 (1927).

320. Toyama and Tsuchiya, ibid., 30, 116 (1927).

321. Kmo, ibid., 37, S.b. 442 (1934).

322. Toyama, Chem. Umschau, 33, 293 (1926).

323. Alexandroff and Saytzeff, J. prakt. Chem. [2], 49, 58 (1894); Saytzeff,

Und. [2], 50, 65 (1894).

324. Ponzio, Gazz. chim. Hal., 34, II, 50 (1904).

325. Mascarelli and Sanna, ibid., 45, II, 335 (1915); Mascarelh, ibid., 47, I,

160 (1917).

326. Mirchandani and Simonsen, J. Chem. Soc., 371 (1927).

327. Tsujimoto, J. Soc. Chem. Ind., Japan, 30, 868 (1927).

328. TBujimoto, J. Soc. Chem. Ind., 51, 317T (1932).

329. Elenk, Z. physiol. Chem., 166, 287 (1927).

330. Hale, Lycan, and Adams, J. Am. Chem. Soc., 52, 4536 (1930).

331. Puntambekar and Krishna, J. Indian Chem. Soc., 14, 268 (1937).

332. Boekenoogen, Fette u. Seifen, 46, 717 (1939).

333. Fittig, Ann., 200, 42 (1880).

334. Doebner, Ber., 23, 2377 (1890); 27, 344 (1894).

335. JawoTsky and Reformatzky, Udd., 85, 3633 (1902).

336. Sacc, Ann., 51, 213 (1844).

337. Dieff and Reformatzky, Ber., 20, 1211 (1887).

338. Reformatzky, J. prakt. Chem. [2], 41, 5^ (1890).

339. Norton and Richardson, Ber., 20, 2735 (1887) ; Am. Chem. J., 10,57 (1888).



158 THE ETHYLENIC FATTY ACIDS

340. Huura, Mona^ 1, 637 (1886); 8, U7» 260 (1887); 9, 180 (1888);

Hazura and Friedreicli, 6« IM (1887); Hazura and GrOasiier, ibid.,

9, 198 (1888).

341. Peters, Und., 7, 562 (1886).

342. RoUett, Z. physiol. Chsm., 62, 410 (1909).

343. Nieolet and Cox, J. Am. Chem. Soc., 44, 144 (1922).

344. Bedford, DisserUaion^ HaUe (1906).

345. Green and Hilditch, Biochem. 29, 1552 (1935).

346. Brown and Frankel, J. Am. Chem. 60, 54 (1938).

347. McCutcheon, Can. J. Research^ 16B, 158 (1938).

348. Inoue and Suzuki, Proc. Imp. Acad. Tokyo, 7, 15 (1931); Maruyama and
Suzuki, ibid., 7, 379 (1931); 8, 186 (1932); Maruyama, J. Chem. Soe.

Japan, 54, 1082 (1933).

349. Takahashi, J. Tokyo Chem. Soc., 40, 233 (1919).

350. Smith and West, Philippine J. Sci., 82, 297 (1927).

351. van der Veen, Chem. Umschau, 38, 117 (1931).

352. Birosel, Unw. Philippines Nat. and Applied Sci. BuU., 2, 103 (1932).

353. Birosel, /. Am. Chem. Soc., 59, 689 (1937).

354. Hilditch and Jasperson, J. Soc. Chem. Ind., 68, 233 (1939).

355. Biemenschneider, Wheeler, and Sando, J. Biol. Chem., 127, 391 (1939).

356. McCutcheon, Crawford, and Welch, Chi & Soap, 18, 9 (1941).

357. Lidoff, J. Russ. Phys. Chem. Soc., 24, 515 (1892).

358. Noller and Girvin, J. Am. Chem. Soc., 69, 606 (1937).

359. Kass and Burr, itid., 61, 1062 (1939).

360. Goldsobel, J. Russ. Phys. Chem. Soc., 88, 182 (1906).

361. Maruyama, J. Chem. Soc. Japan, 64, 10^ (1933).

362. Nunn and Smedley-Maclean, Biochem. J., 29, 2742 (1935).

363. Hazura, Monatsh., 8, 147 (1887).

364. Kaufmann and Keller, Chem. Umschau, 88, 203 (1931).

365. Meyer and Beer, Monatsh., 33, 311 (1912).

366. Burr and Burr, J. Biol. Chem., 86, 587 (1930).

367. Jamieson and Baughman, J. Am. Chem. Soc., 42, 1197 (1920).

368. Hashi, J. Soc. Chem. Ind., Japan, 30, 849, S.b. 221 (1927).

369. Juschkewitsch, FeUchem. Umschau, 40, 197 (1933).

370. Cruz and West, Philippine J. Sci., 48, 77 (1932).

371. Jamieson and Baughman, J. Am. Chem. Soc., 46, 775 (1924).

372. Riebsomer and Nesty, ibid., 66, 1784 (1934).

373. Jamieson and McKinney, Oil d: Soap, 14, 203 (1937).

374. Eibner and Schmidinger, Chem. Umschau, 80, 293 (1923).

375. Jumelle, Mat. grasses, 12, 5312 (1920).

376. Longenecker and Hilditch, Biochem. J., 32, 784 (1932).

377. Stadlinger and Tschirch, Chem.-Ztg., 61, 667 (1927).

378. Banks and Hilditch, Biochem. J., 26, 298 (1932).

379. Dean and Hilditch, Und., 27, 1950 (1933).

380. Evans and Burr, Proc. Soc. Expd. Bid. Med., 26, 41 (1927).

381. Burr and Burr, J. Bud. Chem., 82, 345 (1929).

382. Becker, Mezogaedasdgi Kulatdsok, 6, 363 (1933); Z. Vitaminforsch., 4,

241 (1935).

383. Williams and Anderson, Oil & Soap, 12, 42 (1935).

384. Hilditdi and Jones, Analyst, 64, 75 (1929).



REFERENCES ll»
386.

Hilditch and Jasperson, J, Soc. Chem, Ind., 66, 241 (1639).

386. Inoue and Suauki, Proc. Imp, Acad, Tokyo, 7, 16 (1931).

387. Takahashi, /. Chem. Soc, Japan, 48, 130 (1921).

388. Haworth, J. Chem, Soc., 1466 (1929).

389. Erdmann and Bedford, Ber., ^ 1324 (1909); Z. phyncl. Chan,, 69, 76

(1910).

390. Kaufmann, Bar., 68, 392 (1929).

391. Matthews, Brode, and Brown, J. Am. Chan. Soc., 63, 1064 (1941).

392. Brown and Stoner, ibid., 69, 3 (1937).

393. Holde and Centner, Bar., 68, 1067 (1925).

394. Smit, Rec. iraio. chim., 49, 539 (1930).

395. Bussy and Leoanu, Ann. chtm. phys., 30, 6 (1825); 84, 57 (1827).

396. Shuraev and Vasireva, Maalebdtno ZMrovoe Ddo, No. 8, 40 (1939).

397. Fokin, J. Ruea. Phya. Chem. Soc., 46, 224 (1914).

398. Kronstein, Bar., 49, 722 (1916).

399. Boeseken and Hoevers, Rec. trav. Mm., 49, 1165 (1930).

400. Scheiber, U. S. Patents 1,942,778, 1,979,495 (1934).

401. Ufer, U. S. Patent 1,892,258 (1932).

402. Yamada, J. Soc. Ch^. Ind., Japan, 38, S.b. 120 (1935).

403. Schwarcman, U. S. Patent 2,140,271 (1938).

404. Munzel, Fr. Patent 830,494 (1938).

405. Scheiber, Angew. Chan., 46, 643 (1933).

406. Forbes and Neville, Ind. Eng. Chem., 88, 555 (1940).

407. Priest and von Mikusch, ibid., 82, 1314 (1940).

408. Khonovskii, J. Ruaa. Phya. Chem, Soc., 48, 1457 (1911).

409. Maruyama and Suzuki, Proe. Imp. Acad. Tokyo, 7, 265 (1931).

410. Hazura and Fnedreich, Monatah., 8, 156 (1887).

411. Hazura, tbtd., 8, 260 (1887).

412. Erdmann, Bedford, and Raspe, Bar., 48, 1334 (1909).

413. Eckert, Monaiah., 88, 1 (1917).

414. van der Veen, Chem. Umachau, 88, 89 (1931).

415. Shinowara and Brown, J. Am. Chem. Soc., 60, 2734 (1938).

416. The hexabromide number is obtamed by multiplying by 100 the wei^l
of the solid, ether-insoluble hexabromostearic acid resulting from bromi
nation and dividing this product by the weight of the sample brominated

The theoretical value for pure linolenic acid is 272. For a discussion o'

the hexabromide number see Steele and Washburn, J. Ind. Eng. Chem.

12, 52 (1920).

417. K^, Nichols, and Burr, J. Am. Chem. Soc., 68, 1060 (1941).

418. McCutcheon, Can. J. Reaearch, 18B, 231 (1940).

419. Burr, Burr, and Miller, J. BtoL. Chm., 97, 1 (1932).

420. Eibner and Brosel, Chem. Umachau, 86, 157 (1928).

421. Kaufmann and Keller, Z. angew. Chem., 42, 73 (1929).

422. Gay, /. Soc. Chem. Ind., 61, 126T (1932).

423. Jamieson and McKinney, OH & Soap, 13, 202 (1936).

424. Ueno and Nishikawa, J. Soc, Chem. Ind., Japan, 40, S.b. 313 (1937).

425. Griffiths and Hilditch, J. Soc. Chan. Ind., 68, 75T (1934).

426. Ivanov and Berdichevskii, Schriften zerUral. hiochem. Forach. Inat. Nahr
u. Genuaamittdind. (U.S.S.R.), 8, 246 (1933).

427. Kaufmann and Juschkewitsch, Z. angew. Chem., 48, 90 (1930).



160 THE ETHYLENIC FATTY ACIDS

428. Heiduschka and Zwergfd, Pharm. ZerUrdlhaUe, 77, 551 (1936).

429. IvanoY and Resnikova, Schrifien terUrdl. hiochem. Forsch. Inst. Nahr. u,

Qmu^iUaind. (U,SJS.R.), 8, 239 (1933).

430. Bergmann, J. Bid. Chem., 114, 27 (1936).

431. Jamieson and McKinney, Oil A Soap, 18, 88 (1935).

432. Kaufmann, AUgem. Od- u. FeU^Ztg., 87, 39 (1930).

433. ESbner and Heitter, Chem. Umechau, 83, 114 (1926).

434. Jamieson and Baughman, Oil A Fat Industries, 7, 419 (1930).

435. Jamieson and McKinney, OH A Soap, 18, 241 (1935).

436. Eckstein, /. Bud. Chem., 108, 135 (1933).

437. For a description of this method see Rollett, Z. physiol. Chem., 68, 422

(1909); 70, 404 (1910); Matthews, Brode, and Brown, J. Am. Chem. Soc.,

68, 1064 (1941).

438. Hdduschka and Ltift, Arch. Pharm., 857, 33 (1919).

439. Fahrion, /. Soc. Chem. Ind., 18, 937 (1893).

440. Lewkowitsch, Chemical Technology and Analysis of Otis, Fats and Waxes,

6th ed., Vol. I, p. 214, Macmillan and Co., London (1921).

441. Madhuranath and Manjunath, J. Indian Chem. Soc., 15, 389 (1938).

442. Cloez, Compt. rend., 82, 501 (1876).

443. Maquenne, Md., 136, 696 (1902).

444. Kametaka, J. Chem. Soc., 88, 1042 (1903).

445. Majima, Ber., 42, 674 (1909).

446. Fahrion, FarhenrZtg., 18, 2418 (1913).

447. Bauer and Herberts, Chem. Umschau, 29, 229 (1922).

448. Mbner, Merz, and Munzert, dnd., 81, 69 (1924).

449. Nicolet, J. Am. Chem. Soc., 43, 938 (1921).

450. Bdeseken and Ravenswaay, Rec. trav. chim., 44, 241 (1925); K. Akad.

Wetenschappen Amsterdam, 28, 386 (1925).

451. Eibner and Rossmann, Chem. Umschau, 85, 197 (1928).

452. Fokin, J. Rtuts. Phys. Chem. Soc., 45, 283 (1913).

453. Bauer and Rohrbach, Chem. Umschau, 85, 53 (1928).

454. van Loon, Rec. trav. chim., 60, 32 (1931).

455. Bdeseken, Smit, Hoogland, and van der Broek, ibid., 46, 619 (1927).

456. Manecke and Volbert, Farben-Ztg., 32, 2829, 2887 (1927).

457. Morrell and Marks, J. Soc. Chem. Ind., 50, 27T (1931).

458. Rossmann, Chem. Umschau, 89, 220 (1932).

459. Thomas and Thomson, J. Am. Chem. Soc., 56, 898 (1934).

460. McKinney and Jamieson, Oil A Soap, 14, 2 (1937).

461. Steger and van Loon, J. Soc. Chem. Ind., 47, 361T (1928).

462. Kaufmann and Baltes, Ber., 69, 2676 (1936).

463. McKinney and Jamieson, Oil A Soap, 12, 92 (1935).

464. Jamieson and McKinney, ibid., 12, 1^ (1935).

465. Steger and van Loon, Rec. trav. chim., 64, 988 (1935).

466. Diels and Alder, Ann., 460, 98 (1928).

467. Morrell and Samuels, J. Chem. Soc., 2251 (1932).

468. Kaufmann and Baltes, Fette u. Seifen, 48, 93 (1936); Ber., 69, 2676 (1936);

Kaufmann, Baltes, and Buter, ibid., 70, 903 (1937).

469. Ellis and Jones, Analyst, 61, 812 (1936).

470. Pelikan and von Mikusch, Od A Soap, 14, 209 (1937).



REFERENCES 161

471. Bickford, Dollear, and Markley, /. Am. Chem. Soc., 69, 2744 (1937);

Oa & Soap, 16, 256 (1938).

472. Bruce and Deidey, Chemistry A Industry, 66, 937 (1937).

473. McKinney and Jamieson, Oil A Soap, 16, 30 (1938).

474. Moore, Biochem. J., 81, 138 (1937).

475. Kass and Burr, J. Am. Chem. Soc., 61, 3292 (1939).

476. Morrell and Davis, J. Soc. Chem. Ind., 66, lOlT (1936).

477. Tsujimoto, J. CoU. Eng., Tokyo Imp. Untv., 4, No. 1 (1906).

478. Tsujimoto, J. Soc. Chem. Ind., Japan, 88, 1007 (1920).

479. Brown with Beal, J. Am. Chem. Soc., 46, 1289 (1923).

480. Toyama and Tsuchiya, BvR. Chem. Soc. Japan, 10, 192 (1935).

481. Suzuki and Masuda, Proc. Imp. Acad. Tokyo, i, 165 (1928).

482. Tsujimoto, Chem. Umechau, 29, 261 (1922); J. Soc. Chem. Ind., Japan,

26, 1013 (1923).

483. Eibner and Semmelbauer, Chem. Umschau, 31, 189 (1924).

484. Tsujimoto, BvU. Chem. Soc. Japan, 8, 299 (1928).

485. Toyama and Tsuchiya, ibtd., 10, 441 (1935).

486. Inoue and Kato, Proc. Imp. Acad. Tokyo, 10, 463 (1934).

487. Toyama and Tsuchiya, BM. Chem. Soc. Japan, 11, 741, 751 (1936).

488. Toyama and Tsuchiya, ibid., 4, 83 (1929).

489. Suzuki and Yokoyama, Proc. Imp. Acad. Tokyo, 5, 272 (1929).

490. Toyama and Tsuchiya, Ball. Chm. Soc. Japan, 10, 241, 296 ^935).

491. Sanna, Rend, seminar, facdtd set. univ. Cagliari, 7, 53 (1937); Chem.

Zentr., II, 2616 (1937).

492. Toyama and Tsuchiya, Btdl. Chem. Soc. Japan, 10, 433 (1935).

493. Toyama and Tsuchiya, ihtd., 10, 543, 547 (1935).

494. Ueno and Iwai, J. Soc. Chem. Ind., Japan, 37, S.b. 251 (1934).

495. Ueno and Takase, J. Chem. Soc. Japan, 68, 850 (1937).

496. Ueno and Yonese, Jnd., 67, 322 (1936); BvU. Chem. Soc. Japan, 11, 437

(1936).

497. Ueno and Iwai, ibid., 11, 643 (1936).

498. Ueno and Yonese, J. Chem. Soc. Japan, 67, 180 (1936).

499. Lovem, Dept. Sci. Ind. Research {Bril.) Food Invest. Board, 1936, 96
(1937).

500. Lovem, Biochem. J., 29, 1894 (1935).

501. Tsujimoto, J. Soc. Chem. Ind., Japan, 28, 41, 1099 (1920).

502. Klenk, Z. physwl. Chem., 221, 259, 264 (1933).

503. Kobayashi, J. Soc. Chem. Ind., Japan, 26, 691 (1922).

504. Tsujimoto, Chem. Umschau, 32, 125 (1925).

505. Lovem, Biochem. J., 30, 387 (1936).

506. Grimme, Chem. Umschau, 28, 17 (1921).

507. Williams and Burlachenko, Schriften zentral. Forsch. Inst. Lcbensmibtdr

chem. [U.S.S.R.), 4, 170 (1935).

508. Williams and Onishchenko, ibid., 4, 145 (1935).

509. Langton, J. Soc. Chem. Ind., 42, 471 (1923).

510. Toyama, J. Soc. Chem. Ind., Japan, 80, 519 (1927).

511. Klein and Stigol, Pharm. ZentredhaUe, 71, 497 (1930).

512. Tsujimoto and Kimura, J. Soc. Chem. Ind., Japan, 26, 1162 (1923).

513. Tomiyama, BvU. Agr. Chem. Soc. Japan, 9, 141 (1933).



162 THE ETHYLENIC FATTY ACIDS

614 Ueno and Iwai, J, Soc. Chan. Ind., Japan^ 42, S.b. 371 (1239).

515. Pieraerts, Mat. graneSy 18, 5733 (1921).

516. Takahaahi, SSiirahama, and Tase, /. Chem. Soc. Japan, 66, 1250 (1935);

Takahashi, Shirohama, and Togasawa, ibid., 60, 56 (1939).

517. For a comparison of the compositions of various fats of aquatic ori^n

the reader is referred to Hilditch, The Chemical ConeUtidion of Natural

Fate, Chapter II, John Wiley A Sons, New York (1941).

518. Farmer and Van den Heuvel, J. Soc. Chan. Ind., 67, 24T (1938).

519. Farmer and Van den Heuvel, J. Chem. Soc., 427 (1938).

520. Hartley, J. Physud., 36, 17 (1907).

521. Levene and Simms, J. Bud. Chem., 48, 185 (1921); 61, 285 (1922); Levene

and Rolf, ibid., 61, 507 (1922); 64, 91 (1922); 54, 99 (1922); 67, 659 (1926).

522. Wesson, Md., 60, 183 (1924).

523. Wesson, ibid., 66, 235 (1925).

524. Kimura, J. Soc. Chem. Ind., Japan, 28, 1366 (1925).

525. Suzuki, Bvdl. Ayr. Chem. Soc. Japan, 8, 54 (1927).

526. Snider and Bloor, J. Bud. Chem., 99, 555 (1933).

527. Eckstein, ibid., 64, 797 (1925).

528. Wagner, Biochem. Z., 174, 412 (1926).

529. Brown and Deck, J. Am. Chem. Soc., 62, 1135 (1930).

530. Brown and Sheldon, ibid., 56, 2149 (1934).

531. Bloor, J. Bud. Chem., 68, 33 (1926).

532. Bosworth and Sisson, ibid., 107, 489 (1934).

533. Brown, ibid., 80, 455 (1928).

534. Ault and Brown, tbtd., 107, 615 (1934).

535. Ault and Brown, ibid., 107, 607 (1934).

536. Shinowara and Brown, ibid., 134, 331 (1940).

537. Brown, ibid., 88, 783 (1929).

538. Brown and Ault, ibid., 89, 167 (1930).

539. Brown, ibid., 97, 183 (1932).

540. Sueyoshi and Furukubo, J. Biochem. Japan, 13, 155 (1931).

541. Hilditch, Lea, and Pedelty, Biochem. J., 88, 493 (1939).

542. Riemenschneider, Ellis, and Titus, J. Bud. Chem., 126, 255 (1938).

543. Marcusson and Boltger, Chem. Rev. Fetb u. Harz-Jnd., 21, 180 (1914).

544. Tsujimoto and Koyanagi, /. Soc. Chem. Ind., Japan, 36, S.b. 110 (1933).

545. Tsujimoto, ibid., 89, S.b. 116 (1936).

546. Farmer and Sunderland, J. Chem. Soc., 759 (1935).



m

THE ACETYLENIC ACIDS, THE HYDROXY
ACIDS, THE KETO ACIDS, THE CYCUC
ACIDS, AND THE DICARBOXYUC ACIDS

PART 1 THE ACETYLENIC ACIDS

The acetylenic acids are a series of straight-chain carboxylic

adds characterized by the presence of one or more triple carbon-

to-carbon bonds in the hydrocarbon chain. Such adds show the

chemical and physical properties of the fatty acids, plus those of

acetylenic compounds. The mono-acetylenic acids are isomeric

with the diethylenic adds; however, these two acid series differ

quite materially in their chemical and physical properties. The
acetylenic acids are much more resistant to oxidation than the

corresponding dienoic acids. The acetylenic adds, like the con-

jugated ethylenic acids, add one mole of halogen readily, the

second mole being added only with difficulty. Upon oxidation

acetylenic adds are converted into diketo adds, the further oxi-

dation of which results in a cleavage with the formation of mono-
and dicarboxylic adds. Treatment of acetylenic adds with con-

centrated sulfuric add and other hydrolyzing agents results in

the addition of a molecule of water with the formation of keto

acids. Acetylenic adds are easily reduced to the corresponding

saturated acids.

Acetylenic acids are very rarely found in the naturally occurring

fats and oils, and they do not, therefore, possess the biological

interest or the economic importance of the ethylenic acids. This

should in no wise be interpreted as suggesting that these adds are

devoid of interest or importance, since many of them can easily

be prepared from the ethylenic acids and several representatives

of this series have been known and studied for many years. A
variety of methods have been employed for the preparation of the

acetylenic adds, some of which are of limited applicability whereas

several are of rather general utility. Among these latter methods
163
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may be mentioned the removal of halogen halides from either

diiodo or dibromo adds by reaction with alcoholic potassium

hydroxide. Since diiodo or dibromo adds can easUy be prepared

from the ethylenic adds, this method has been widely employed

for the synthesis of acetylenic adds. This procedure has been

employed by Overbeck,* Baruch,* and others for the preparation

of stearolic add (9-octadecynoic add) from oldc acid, and by
Haussknecht * for the synthesis of behenolic acid (13-docoeynoic

add) from erudc add. While alcoholic potassium hydroxide is

the reagent most generally employed to effect dehydrohalogena-

tions of this tsrpe, several other reagents may be used. Among
these latter processes may be mentioned the treatment of a dihalo

add with sodium in liquid ammonia,' with sodamide,*-' or with

potassium xanthate.' Such dehydrohalogenations theoretically

result in the formation of both acetylenic and dienoic acids; how-

ever, the latter reaction appears to be of secondary importance and

is not frequently encountered when the above reagents are em-

ployed. A reaction which is frequently used for the preparation

of 2-acetylenic adds is that between a substituted acetylide of

the general formula RC;CNa and carbon dioxide in the presence

of anhydrous ether. This procedure results in the formation of an

acetylenic add containing one more carbon atom than the original

acetylide.

The following contains a description of the methods of preparar

tion and reported physical properties of the normal acetylenic acids

containing five or more carbon atoms. Their chemical properties

and derivatives are discussed in a later chapter.

Pbntynoic Acids

Three pentynoic adds are theoretically possible, none of which

has been found in the naturally occurring fats and oils. Two of

the pentynoic adds have been synthesized and thdr properties

described.

^Pentynoic Acid. CH\CCH2CH^02H
The synthesis of 4r-pentynoic add was first accomplished by

Perkin and Simonsen by the pyrolysis of 2-carboxy-4-pentynoic

add, CH:(XJH2CH(C02H)2. The latter add was prepared by
treating ethyl 2-carbethoxy-4-bromo-4-pentenoate with alcoholic

potasfflum hydroxide. Gardner and Perkin ** have prepared ethyl
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2-acetyl-4-bromo-4-pentetioate by the action di ethyl acetoacetate

on tribromopropane in the presence of sodiiun and ethanol.

Treatment of this product with alcoholic potassimn hydroxide

yields 4-pentynoic acid.

4-Pentynoic add is soluble in water, ethanol, ether, and other

organic solvents. Its freezing pdnt has been reported to be 57°,

and its boiling point 203-204° at 766 mm.

S-Pentynoic Acid. CH3CH2C •CCO2H

This acid has b^n obtained by the action of carbon dioxide in

dry ether on sodium ethylacetylide,*^ and also by the action

carbon dioxide on 1-butenylmagnesium bromide.'*

Hexynoic, Hepttnoic, Octynoic, Nonynoic, and
Decynoic Acids

Only the 2-unsaturated members of this group of adds have

been described. These have been prepared by the action of

carbon dioxide in dry ether on the substituted sodium acetylides

containing one less carbon atom than the desired adds.'^'* Thus

2-hexynoic acid was prepared by the action of carbon dioxide on

sodium propylacetylide, or 2-heptynoic add from sodium butyl-

acetylide and carbon dioxide. These adds are very sparingly soluble

in water and soluble in ethanol, ether, and other organic solvents.

The following phydcal constants have been reported: 2-hexynoic

acid, f.p. 27°, 620 125°; 2-heptynoic acid, f.p.< —20°, 620 135°;

2-octynoic add, f.p. 2°, 619 148-149°, df ® 0.9623, nj?* 1.46335;

2-nonynoic acid, f.p. —8°, 619 158-160°, dj*’® 0.9525, tid * 1.46429;

2-decynoic acid, f.p. 6-10°, 620 164-168°, d” 0.9408.

Undecynoic Acids

The undecynoic adds have not been observed to occur in the

natural fats and oils, but three of the nine posdble isomeric adds

have been described.

lO-Undecymic Acid. CH-CiCHihCOiH
The dehydrobromination of 10,11-dibromoundecanoic add by

means of concentrated alcoholic potasdum hydroxide yields 9-

undec^oic add; however, Krafft '* has reported that the treatment

of bromoundecendc add with an alcoholic sdution potasdum
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oaibonate results in the formation of a product which ccmsists

largdy of 10-unde(^<no add.

lO-Undec^dc add freeses at 42.7-42.9°, and boils at 175° under

15 mm.

9-UndMynoic Add. CHiC:C(<0H2)iCO2H

The dehydrobromination ot 10,11-dibromoundecandc add with

highly concentrated, aqueous potassium hydroxide solution,” or

with alcohdic potasdum hydroxide,” has been observed to result

in substantial yields of 9-undecynoic add. Krafft ” has shown

that the dehydrobromination of bromoundecenoic acid with dther

concentrated aqueous or alcoholic potassium hydroxide yidds the

9-add and that treatment of the 10-acetylenic add with these

reagents results in a migration of the triple bond to the 9-position.

9-Unde<^<HC add freezes at 59.5° and boils at 177° under 15

mm. It is difficultly soluble in water and easily soluble in ethanol,

ethw, and carbon disulfide.

g-VndecynoicAdd. CHaiCHihClCCOzH
Moureu and Delange have prepared 2-undec3moic add by the

action of carbon dioxide in dry ether on sodium octylacetylide.

The add was observed to decompose into l-de<yne and carbon

dioxide upon distillation at atmospheric pressure. 2-Undec3moic

add freezes at 30°.

Hexadectnoic Acids

The hexadecynoic adds are not foimd in the naturally occurring

fatty substances. Of this group only 7-hexadecynoic add has been

described.

7-Hexadecymne Add. CH^iCHihC': CiCHzhCOsH

The preparation of 7-hexadecynoic add by the dehydrobromi-

nation of 7,8-dibromopalmitic add with alcoholic potasdum hy-

droxide has been reported by Bodenstein.^^ The add freezes at

47° and bdls at 240° at 15 mm. 7-Hexade<ynoic add is insoluble

in water and readily soluble in etiuinol and ether.

Heptadectnoic Acidb

The heptade(yndc adds have not been reported to occur in the

natinally oceuninK fats and oils. The 2-add has been prepared
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g-Heptadecyfuric Acid. CH^{CH^izC\CCOJI

Krafft and Heizmann^* have described the synthesis of 2-

heptadecynoic acid by the action of carbon dioxide in dry ether

on sodium tetradecylacetylide. The acid freezes at 44-45° and

is easily soluble in ethanol and ether but insoluble in water. Upon
distillation at atmospheric pressure it decomposes into 1-hexa-

decyne and carbon dioxide.

OCTADECYNOIC AciDS

The octadecynoic acids are frequently referred to as the stearolic

acids, owing to the interest which has centered around the 0-

member of this series, stearolic acid. This series also contains the

only well-authenticated example of a naturally occurring mono-
acetylenic acid, tariric acid (6-octadecynoic acid). Sixteen octa-

decynoic acids are theoretically possible, six of which are known.

Most of our knowledge of the acetylenic acids has been derived

from a study of 9-octadecynoic acid. Stearolic acid may be con-

sidered to be the characteristic high molecular weight acetylenic

acid, since it occupies a place in the acetylenic acid series com-

parable to that of oleic acid among the ethylenic acids. Stearolic

acid, however, has not been observed in the naturally occurring

fats and oils, and therefore its importance is due to the ease of its

preparation from oleic acid. The following octadecynoic acids

have been described.

S-Odjodecynoic Acid {Tariric Acid). CHz{CH^iqC\C{CH2)4P02H

The presence of tariric acid, in a iariri seed oil, was first observed

by Amaud.“ Tariric acid yields lauric and adipic acids upon

oxidation and was thus shown to be 6-octadecynoic acid. Griitz-

ner^^ has reported the freezing point of tariric acid to be 60.5°.

The presence of tariric acid in the Picramnia seed fats has been

confirmed by Grimme,^ and more recently by Steger and van

Loon,^^ who observed that it is essentially the only unsaturated

acid present in the glycerides of the seed fat of Picramnia sow.

These latter authors also obtained lauric acid and adipic acid by

the ozonization of tariric acid and thus confirmed the previous

work upon its structure. The structural relationship which exists

between tariric acid and petroselinic acid (6-octadecenoic acid) is

noteworthy. Vongerichten and Kohler “ have prepared a 6-

octadecynoic add (petroselinolic add), melting at 54°, by the
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action of potassium hydroxide in methanol upon 6,7-dibromostearic

add. The latter acid was obtained by the bromination of petro-

selinic add.

Mckbdecyrwic Acid (Stearolic Acid). CHz{CH^^C\C{CH2)7C02H

Althou^ stearolic acid has not been reported in the naturally

occurring fats and oils, its structural similarity to oleic acid makes
it the most important of the acetylenic acids. Stearolic acid was
first obtained by Overbeck ’ by the action of alcoholic potassium

hydroxide upon 9,10-dibromostearic acid (dibromooldc acid).

Stearolic add results from the dehydrobromination of dther oleic

or daidic acid dibromide.^^ The action of zinc and a mixture of

hydrochloric and acetic acids on 9-keto-12-chlorostearic add, pre-

pared from ricinoleic acid, has been reported by Behrend ^ to

give stearolic acid. A method for the preparation of stearolic acid

from 9,10-dibromostearic acid by dehydrobromination with potas-

dum hydroxide in 1-pentanol has been proposed by Kino ^ and
has been employed by Kimura.^*

The treatment of stearolic acid with fuming nitric add first

gives a diketostearic acid (9,10-diketostearic acid, stearoxylic acid),

which undergoes further oxidation to pelargonic and azelaic acids,

together with a small amount of 1,1-dinitrononane.*®*** The oxi-

dation of stearolic acid with potassium permanganate yields

pelargonic, suberic, azelaic, and caprylic acids. Fusion of

stearolic acid with potassium hydroxide has been stated to yield

myristic add.^* The work of Baruch^ in 1894 has furnished a

rigid proof that the triple bond in stearolic acid is between the

ninth and tenth carbon atoms. This proof is as follows: stearolic

add forms a 10-ketostearic acid by treatment with concentrated

sulfuric acid, thus:
H20

CH8(CH2)7C:C(CH2)7C02H > CH8(CH2)7CCH2(CH2)7C02H
H2SO4

^

This forms two isomeric oximes upon reaction with hydroxylamine,

as follows:
CH8(CH2)7C(CH2)8C02H (I)

CH,(CH,)7CCH,(CH,)7C0JE[ ]loH

^ CH3(CHt)7C(CHt)sCOsH (ID

HoJi

Treatment with concentrated sulfuric add results in a Beckmann ^

rearrangement, and when these rearranged products are treated
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with concentrated hydrochloric add the following cleavage prod-

ucts result:

CH,(CH2)7NHa + HOC(CH8)gCO*H

d
Octylamine Sebacic add

CH8(CH2)7C02H + H2N(CH2)8COaH
Pelargonic add 9-Aminopelargomc add

The isolation and identification of the above products showed that

the acetylenic bond is between the ninth and tenth carbon atoms.

Stearolic acid has been reported to melt at 48°. It is insoluble

in water, only slightly soluble in cold ethanol, and appredably

soluble in ether and hot ethanol.

S-Octoulecynoic Add. CH^{CH2)%C\C{CH2)eP02H
ICWctadecynmc Add. CHs(CH2)6C\ C(CH2)sC02H ,

The addition of hydrogen iodide to stearolic acid results in the

formation of two isomeric iodooctadecenoic acids: CH3(CH2)7-
CH:CI(CH2)7C02H, which melts at 23-24°; and CH3(CH2)7-
CI:CH(CH2)7C02H, which melts at 39°.®® The addition of a

second molecule of hydrogen iodide yields the isomeric diiodo-

stearic acids. Amaud and Postemak ®* have prepared 9,9-diiodo-

stearic acid and 10,10-diiodostearic acid from stearolic acid and
have treated these diiodo acids with alcoholic potassium hydroxide

for the preparation of isomeric stearolic acids. By this process

the former yields 8-octadecynoic acid, CH3(CH2)8C;C(CH2)6-
CO2H, and the latter 10-octadecynoic acid, CH3(CH2)6C:C-
(CH2)8C02H. The 8-acid melts at 47.6° and the 10-acid at 47°.

The oxidation of these acids with nitric acid yields suberic acid,

(CH2)6(C02H)2, in the case of 8-octadecynoic acid and sebacic

add, (CH2)8(C02H)2, in the case of 10-octadecynoic acid.

5~Octadecynoic Add. CH^{CH2)\iC\ C(CH2)zC02H
7-Octadecynoic Add. CH^{CH2)%C\C{CH2)5C02H

The preparation of these acids from tariric add has been de-

scribed by Postemak.®® The addition of two molecular equivalents

of hydrogen iodide to tariric acid and the subsequent dehydro-

iodination of the product by means of alcoholic potassium hydrox-

ide gives a mixture of at least three isomeric octadecynoic adds,

XX

(C CHi(CH,)7l!rC(CH^8CO^

<!l

H
(II) CH8(CH*),Cl!r(CHs)*CO*H

d
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oae of which is taiiric add. When this tariric add is removed

from the reaction products and the remaining mixture is again

successively treated with hydrogen iodide and alcoholic potassium

hydroxide, there are obtained two new acids, 5-octadec3moic acid

and 7-octadecynoic add. The former acid forms 5,6-diketostearic

add, CH3(CH2)iiC0C0(CH2)3C02H, melting at 94®, when oxi-

dized with fuming nitric acid, from which tridecanoic acid is

obtained upon further oxidation. The latter acid yields 7,8-

diketostearic acid, CH3(CH2)9C0C0(CH2)6C02H, melting at

86.5®, one of the oxidative cleavage products of which is pimelic

acid, (CH2)5(C02H)2.

NatwraUy Occurring Cig Acids Containing Both Acetylenic arid

Ethylenic Bonds

The presence of acids in the natural fats containing both acety-

lenic and ethylenic bonds was suggested in 1937 by the work of

Steger and van Loon,^ who obtained an acid stated to be either

6-octadecen-9-ynoic acid or 9-ootadecen-6-ynoic acid from the

seed fat of Onguekoa gore. Oxidation showed this acid to possess

unsaturated bonds between the sixth and seventh and the ninth

and tenth carbon atoms; however, the actual position of the

ethylenic and acetylenic bonds was not conclusively determined.

An acid which melted at 38-39® and apparently contained one

ethylenic and two acetylenic linkages was also isolated during this

investigation. Three years later, Castille ^ also separated this

latter acid, which he termed erythrogenic acid, from an Ongokea

seed oSl. The presence of one ethylenic and two acetylenic bonds

was confirmed, and the acid was considered to have either the

structure CH2:CHC:C(CH2)4C:C(CH2)7C02H, or the structure

CH2:CH(CH2)4C:CCiC(CH2)7C02H. Steger and van Loon
have named this acid isamic acid and have presented evidence

favoring the latter of the two structures proposed by Castille.

The following physical constants have been reported for this add:
m.p. 39.5°, df 0.9309, df 0.91966, dl® 0.9096, ng 1.49148, and

nL® 1.4860.

Docosynoic Acids

IS-^Docosynoic Add {Behenolic Add).

CHs{CH2)7C\ C{CH2)iiC02H

Behenolic acid has been prepared by the action of alcoholic

potassium hydroxide upon 13,14-dibromobehemc add (erudc add



THE HYDROXY ACIDS 171

dibromide).*^*^^^^ Behenolic add stands in the same relation to

erudc add as stearolic add does to ddc add. It is not found in

the naturally occurring fats and dls. Behenolic add was diown
by Baruch^ to be 13-docosynoic acid, by the same procedure

which he subsequently employed in establishing the podtion of

the triple bond in stearolic acid. The oxime of ketobehenic add,

prepared from behenolic add, was subjected to a Beckmann
rearrangement, and the rearranged products were split with con-

centrated hydrochloric acid, separated, and identified. The pres-

ence of pelargonic add and 13-aminotridecanoic add, and of tetrar

decanedioic add and octylamine, in the reaction products, estab-

lished the structure of behenolic acid. The oxidation of behenolic

add with nitric add yields behenoxylic add (13 ,
14-diketobehenic

acid), the structure of which has been established by Spiecker-

mann.^^ Pelai^onic acid and tridecanedioic acid result from the

oxidative cleavage of behenolic acid.

Behenolic acid freezes at 57 .5°. It is easily soluble in absolute

ethanol, ether, and other organic solvents, and is insoluble in water.

PART 2 THE HYDROXY ACIDS

The hydroxy fatty acids comprise a series of straight-chain

carboxylic acids which contain one or more hydroxyl groups in

the hydrocarbon portion of the molecule. They constitute a very

large group of compounds, the individual members of which un-

questionably merit considerable attention and study. Interest in

these hydroxy acids arises not only from the many representatives

of this class, but also from the wide variation in properties ex-

hibited by these various acids. The hydroxy fatty acids may be

saturated or they may contain ohe or more unsaturated bonds in

the hydrocarbon chain. For example, 10-hydroxyoctadecanoic

acid (10-hydroxystearic acid), CH3(CH2)7CH(0H)(CH2)8C02H,
is a saturated hydroxy fatty acid; 12-hydroxy-9-octadecenoic add
(ricinoleic acid), CH3(CH2)6CH(OH)CH2CH:CH(CH2)7C02H, is

an ethylenic hydroxy acid; and 12-hydroxy-9-octadecynoic add
(ricinstearoUc acid), CH3(CH2)5CH(0H)CH2C:C(CH2)7C02H,
is an example of a hydroxy acetylenic acid. Since the hydroxy

fatty adds possess at least one aQ3rmmetric carbon atom, they are

capable of being resolved into their optical isomers, and most of

the naturally occurring hydroxy adds are optically active. Those
hydroxy acids which contain an ethylenic bond exhibit geometrical
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isomerism and can be obtained in either the cis or the tram form.

With the notable exception of ricinoleic acid, the principal acid

of castor oil, the hydroxy acids do not occur in abundant quantities

in the naturally occurring oils and fats. The waxy substances

obtained from the leaves of certain coniferous plants contain

significant amoimts of saturated hydroxy acids, such as sabinic

add (12-hydroxylauric add) and juniperic acid (16-hydroxy-

palmitic add). Hydroxy acids appear in certain animal fats,

notably wool fat, and in the fatty acids of the brain. Thdr pres-

ence in such substances presents a subject of considerable biological

interest. Hydroxy acids apparently occur in various bacterial

waxes,*^^* and they have been observed to be formed by the action

of molds on the oil in com." They are formed by the hydrolysis

of suberin," and by the oxidation of paraffin wax.^*-"

2-Hydroxy acids (/S-hydroxy acids) are important intermediates

in the biological oxidation of fatty acids " and are also apparently

synthesized from unsaturated acids during the metabolism of

insect and plant waxes, the unsaturated acids being built up from

shorter-chain products." Since the hydroxy fatty acids are inter-

mediate products in many metabolic processes, it is not surprising

that they are not generally present in large amounts. Due regard,

however, must be given to the several notable exceptions to the

above statement.

A large number of hydroxy fatty acids have been synthesized,

several general methods being employed for their preparation.

Perhaps the most common procedure is to treat halo-substituted

acids with aqueous alkaline hydroxide solutions, a treatment which

results in the substitution of a hydroxy group for the halogen. In

the case of 4-hydroxy (7-hydroxy) and 5-hydroxy (5-hydroxy)

acids, the lactone is frequently obtained rather than the free acid.

The use of alcoholic alkaline hydroxide solutions results in the

formation of unsaturated acids by the removal of hydrogen halide

and consequently gives only small yields of hydroxy acids. The
removal of hydrogen halides from 3-chloro acids generally yields

7-lactones, thus: RCH2CHCICH2CO2H RCHCH2CH2CO.
I

o
The hydration of unsaturated adds under the catal3rtic influence

of alkaline hydroxides has been employed for the preparation of

the hydroxy adds or thdr lactones. A method frequently used

for the qmthesis of hydroxy adds is the treatment of an unsatu-
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rated add with concentrated sulfuric add followed by the hydrol-

ysis of the sulfuric addition product, in which reaction the hy^oxyl
group is generally added to the carbon atom farther from the

carboxyl group. As an example, Chemoyarova ^ has observed

that the treatment of petroselinic acid (6-octadecenoic add) with

sulfuric acid, followed by hydrolysis of the resulting product, yields

7-hydroxystearic add. Keto adds yield hydroxy adds upon
reduction, and this method has been extensively employed for

the preparation of the latter adds. Hydroxy adds which contain

the hydroxyl group in a terminal position may be obtained by the

partial reduction of dicarboxylic acids or their derivatives. The
heating of the substituted paraconic acids results in the forma-

tion of 7-lactones from which the hydroxy acids can be obtained,

thus:

RCH CHCO2H RCHCH2CH2CO RCHCH2CH2CO2H

d) coin, d) 1 d)H

The action of Grignard reagents upon aldehyde esters has fre-

quently been employed for the preparation of hydroxy acids.

The general reaction is as follows:

%
C(CH2),C02R + CH3(CH2),MgX

H

MgXO (CH2),C02R

CH,(CH,),CH(OH)(CH*),CO*R + MgX(OH)

7-Lactones are formed by the action of alkyl-substituted 2-pro-

penyl bromides with alkylmalonic esters.®* Hill has recently

proposed the preparation of hydroxy acids by the hydrogenation

of polyesters. In addition to the above general procedures, there

are a number of other methods which have been employed for the

synthesis of specific hydroxy adds. Dihydroxy acids which con-

tain hydroxyl groups upon adjacent carbon atoms result from the

oxidation of ethylenic fatty acids or from the hydration of keto

acids. The preparation and properties of these dihydroxy adds
are discussed in detail in a later chapter.

Owing to the presence of a carboxyl group and one or more
hydroxyl groups in the hydroxy acid molecule, such acids show
the characteristic reactions not only of carboxylic adds but also of

alcohols. Thus, the hydroxyl groups may be replaced by halogens,
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acylated, or otherwise esterified to give many of the typical reao-

ticm products of alcohols, while the carboxyl group may be con-

verted into the usual carboxylic acid derivatives. The hydroxy

adds show a progressive gradation in physical properties, and to a

certain extent in chemical properties, with increase in the chain

length of the molecule. This progressive change in properties is

due essentially to increased molecular weight and is similar to that

encountered in the other fatty add series. The hydroxy adds are,

in general, more soluble in water and ethanol and less soluble in

petroleum ether and other hydrocarbon solvents than the non-

hydroxy acids. The hydroxyl group can easily be acylated with

acetic anhydride, and these acetyl groups can then be removed

by treatment with potassium hydroxide. This method is the basis

of the so-called acetyl value determination and constitutes a

standard procedure for the determination of hydroxy acids in a

fatty acid mixture.®®*®^ In addition to exhibiting the individual

properties of alcohols and carboxylic acids, the hydroxy adds
undergo several characteristic reactions which are dependent upon
the presence of both a hydroxyl and a carboxyl group within one

molecule. Such reactions are greatly influenced by the relative

positions of these two groups. Thus, 2-hydroxy acids (a-hydroxy

acids) when heated yield aldehydes, carbon monoxide, and water,

as follows: RCH(0H)C02H RCHO + CO + HgO. They also

undergo esterification to form hemilactides or lactides as follows:

2RCH(0H)C02H RCHCO2H RCHCOO

<!k30CH(0H)R (icO-^HR
Hemilactide Lactide

3-Hydroxy acids (/3-hydroxy acids) lose water when heated, being

converted into 3-ethylenic acids together with smaller amounts
of other hydroxy acids. Dehydration to form ethylenic acids is

also encountered with those acids in which the hydroxyl group is

far removed from the carboxyl group and lactone formation or

cycliaation is not favored. The formation of an ethylenic acid is

not generally encountered if the hydroxyl group occupies a terminal

positicm. If the hydroxyl group is in close proximity to an ethylenic

linkage, as in ricinoleic add, dehydration and scission reactions

predominate.

Perhaps the most characteristic reaction of hydroxy adds is that

of lactone formation, which is a cyclization or intraesterification

reaction and may involve one or more molecules. Simple or
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monomeric lactones result from the eliminaticm oi water from one

molecule of the hydroxy add by a process of intraesterification.

The ester, therefore, possesses a heterocyclic ring, and the rdative

stability of such rings is directly related to the Baeyer strain

theory.^*’ Thus, the ease of lactone formation varies greatly

with the position of the hydroxyl group in the hydrocarbon chain,

the so-called 7- and 5-lactones being the most stable. Hydroxy
adds which contain the hydroxyl group in the 4- or 5-position

exhibit such a marked tendency towards lactone formation that

the free acid is frequently extremely difScult to obtain. For

example, 4-hydroxyvaleric acid forms 7-valerolactone as follows:

CH8CH(0H)CH2CH2C02H CH8CHCH2CH2CO

5-Hydroxyvaleric add forms the monomeric 5-lactone, thus:

HOCH2CH2CH2CH2CO2H CH2CH2CH2CH2CO

Lactonization is an equilibrium reaction, the equilibrium mixture

generally containing large amounts of the lactone.^ Monomeric
lactones containing a large number of atoms in the ring are fre-

quently formed from higher hydroxy acids which possess a hydroxy

group remote from the carboxyl group. Dimeric and trimeric

lactones result from the cyclization of two or more molecules of

hydroxy acids.

The lactones are neutral liquids which possess a faint aromatic

odor and yield salts of the hydroxy acids when treated with alkar

lies. The higher lactones have a musklike odor, and an appreciable

amount of work has been done in an attempt to correlate their

odors with their chemical structures.®*'®® The lactones can be

distilled without decomposition. They yield brominated fatty

adds when treated with hydrogen bromide. Stoll and Rouv6 ^

have made an extensive study of the formation of monomeric

and polymeric lactone rings from hydroxy acids of the type

H0(CH2)*C02H. They observed that H0(CH2)4C02H gives

predominantly the monomeric lactone; HO(CH2)ioC02H gives

11% of the monomeric lactone, 69% of the dimeric lactone, and

20% of the trimeric lactone; while H0(CH2)22C02H gives 61%
of the monomer and 33% of the dimer. Lactonization was effected

in benzene solution in the presence of benzenesulfonic add, by a
method which they had previously described.®* A study of the
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kinetics of cyclizaticm ** has led to the conclusion that high tem-

peratures favor the formation of the unimolecular cyclic product,

owing to the higher heat of activation of the primary unimolecular

reaction. The degree of cyclization and, consequently, the yield

of monomeric lactone were found to vary inversely with the con-

centration of the hydroxy acid.

Cyclization or lactone formation should be distinguished from

the so-called etholide formation, which is essentially a linear esteri-

fication and results in simple or polyetholides as follows:

HOGE^(CH,),aisOO§>HlH!oai,(ai,),COsH--«-HO(XIs(ais).CHsCOO(ai2(CH,).(X),H

Etholides combine the properties of alcohols, acids, and esters.

They are present in the waxes of pines and similar plants, being

first encountered during an investigation of conifer waxes.^® Chuit

and'Hausser have studied etholide formation with a number of
«

hydroxy acids which contain the hydroxyl group in the terminal

position.

In view of the many possible reactions which hydroxy acids

undergo, it is quite apparent why their isolation from the naturally

occurring sources is often accomplished only with considerable

difficulty. The various reactions of hydroxy acids are discussed

under the individual acids. A detailed treatment of cyclization

and linear esterification, however, would go far beyond the interest

and purpose of this present writing.

The following is a description of the naturally occurring and

synthetic hydroxy acids which contain five or more carbon atoms.

Only straight-chain hydroxy acids are discussed, since such acids

are directly related to the fatty acids.

Hydroxypentanoic Acids (Hydroxyvaleric Acids)

All the four theoretically possible hydroxypentanoic acids have

been described. They are extremely soluble in water, ethanol, and
ether, and their chemical properties differ materially depending

upon the position of the hydroxyl group in the alkyl chain.

2-Hydroxypentanoic acid, CH3CH2CH2CH(0H)C02H, has been

prepared by the action of sodium hydroxide on ethyl 2-bromo-

valerate^ and also by the reduction of 2-ketovaleric acid with

sodium amalgam.^® The acid is hygroscopic and freezes at 34^.

3-Hydroxypentanoic acid, CH8CH2CH(0H)CH2C02H, can be ob-

tained from S-bromovaleric acid by boiling with water for several

hours,^® or by the treatment of 3-pentenoic acid with sodium
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hydroxide.^^ The add is a liquid which eadly yields 3*penteiioic

acid upon heating. 4-Hydroxypentanoic acid, CH3CH(OH)CH2-
CH2CO2H, is generally encountered as the 7-lactone, from which

the free add can be obtained by treatment with alkalies followed by
careful acidification. Fittig and coworkers have described the

preparation of 4-hydroxypentanoic acid by the action of water or

sodium hydroxide solution on 4-bromovaleric acid. Fittig and
Hjelt have also prepared the acid by heating (2-hydroxypropyl)-

malonic acid or its lactone. The dry distillation of methylparaconic

acid 3delds 4-hydroxypentanoic acid ^ together with other prod-

ucts. The reduction of 4-ketovaleric acid (levulinic acid) with

sodium amalgam,^^ as well as its catalytic hydrogenation in the

presence of nickel,^ yields 4-hydroxypentanoic acid. This acid is

quite unstable and easily forms the 7-lactone. 6-Hydroxypenta-

noic acid, H0CH2(CH2)3C02H, has been prepared by the action of

alcoholic sodium ethylate on 5-iodovaleric acid,*® and by the reduc-

tion of glutaric anhydride by means of aliuninum amalgam." The
heating of 5-chloropentanoic acid results in the elimination of hy-

drogen chloride with the formation of 5-valerolactone, from which

the free acid can be obtained. 5-Hydroxyvaleric acid is an oil

which easily forms a 5-lactone. All the hydroxyvaleric acids can

be purified by the crystallization of their barium salts. .

Hydroxthexanoic Acids (Hydroxycaproic Acids)

The action of nitrous acid on 2-aminohexa3ioic acid yields 2-

hydroxyhexanoic acid, CH3(CH2)3CH(0H)C02H, together with

2-hexenoic acid." 2-Hydroxyhexanoic acid results from the de-

bromination of 2-bromohexanoic acid by means of sodium hydrox-

ide. Jelissafow ** obtained the sodium salt of the acid in this

manner, acidified its solution with hydrogen sulfide, extracted the

free acid with ether, and purified it by crystallization as the sodium

salt. 2-Hydroxyhexanoic acid freezes at 60-62®, and yields valer-

aldehyde and 2- and 3-hexenoic acids upon distillation. 3-Hydroxy-

hexanoic acid, CH3(CH2)2CH(0H)CH2C02H, results from the

debromination of 3-bromohexanoic acid by means of steam or

alkaline solutions. The acid is also formed by the treatment of 2-

hexenoic acid with sodium hydroxide solution." It has been de-

scribed as a liquid which is easUy soluble in water. 4-Hydroxy-

hexanoic acid, CH3CH2CH(0H)(CH2)2C02H, has been prepared

by several methods. It easily forms a 7-lactone and consequently

the free acid is isolated only with great difficulty. 4-Hydroxy-
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hexanoic add or its Y-lactone results from the action of sodium

hydroxide solutions or of alcoholic or aqueous ammonium
hydroxide ^ on 4-bromohexanoic add. The action of concentrated

sulfuric add on hydrosorbic add (3-hexenoic add), followed by
hydrolysis of the sulfuric addition product, yields 4-hydroxy-

hexanoic add.®^* ** Fittig and Delisle * have observed that the

distillation of ethylparaconic acid yields both 4-hydroxyhexandc

add and hydrosorbic acid. Kiliani “ has reported that 4-hydroxy-

hexanoic add results from the reduction, by means of phosphorus

and hydrogen iodide, of various acids, such as mannonic and in-
come adds, which are obtained by the oxidation of hexoses.

5-Hydroxyhexanoic acid, CH3CH(OH)(CH2)3C02H, like the pre-

ceding acid, is quite difficult to obtain in the free state owing to

its tendency towards lactone formation. Salts of 5-hydroxyhexa-

noic add may be prepared by treatment of the 5-lactone with

solutions of barium hydroxide or alkali carbonates.*^ The 5-

lactone is formed by the reduction of 5-ketohexanoic acid with

sodium amalgam*^ or by boiling 5-bromohexanoic acid with

water.** The free acid is easily soluble in water and ethanol. The
terminal hydroxyhexanoic add, H0(CH2)5C02H, was first de-

scribed by Van Natta, Hill, and Carothers,** who obtained it in

small amounts as a by-product during the reduction of dimethyl

adipate. The free acid could not be purified by distillation or

crystallization owing to its pronounced tendency towards lactone

formation. The l^rctone is very soluble in water, ethanol, and
benzene, and is insoluble in petroleum ether. The following phys-

ical constants have been reported for this lactone: &2 98-99°,

1.0698, and tid 1.4608. The isolation of the pure acid has recently

been reported by Stoll and Rouv4.®^

Hydroxyheptanoic Acids (Hydroxyenanthic Acids)

2-Hydroxyheptanoic acid, CH3(CH2)4CH(0H)C02H, has been

prepared by heating 2-bromoheptanoic acid with water imder

pressure*^ or with a solution of sodium hydroxide.*^ The add
freezes at 65° and is difficultly soluble in cold water. The oxidation

of 2-hydroxyheptanoic acid with chromic acid yields caproic

add.** It gives hexanal together mth other products when heated.

4-Hydroxyheptanoic add, CH8'(CH2)2CH(0H)(CH2)2C02H, is

extremely difficult to obtain in the free state owing to its tendency

to form- the 7-lactone. The add has been described as a eymp
which does not solidify at — 16°. Fittig and Schmidt ” have pre-

pared this add, together with its lactone, by heating 4-bromo-



HYDROXYNONANOIC ACIDS 179

heptanoic add with water and also by the decomposition of

7-propylparaconic add. 4-Hydraxyheptanoic add has also been

prepared from 3-heptenoic add by treatment with sulfuric acid

followed by hydrolysis of the resulting product.** 5-Hydroxy-

heptandc add, CH3CH2CH(0H)(CH2)3C02H, also exhibits a

marked tendency towards lactone formation. This add has been

prepared by Fichter and Gully ** by the debromination of 5-bromo-

heptanoic acid with water. The preparation of 7-hydroxyheptanoic

acid, H0(CH2)6C02H, by the partial reduction of pimelic add and
its derivatives, has been described.*^* The acid was reported to

be a syrupy liquid.

Hydroxyoctanoic Acids (Hydroxycaprylic Acids)

Three of the hydroxyoctanoic adds have been prepared. The

hydrolysis of 2-hydroxyoctanenitrile, CH3(CH2)6CH^
,
in the

\:n
presence of hydrochloric acid 3rields 2-hydroxyoctanoic add,

CH3(CH2)6CH(0H)C02H.i*i The acid has also been prepared

by the action of a solution of barium hydroxide on 2-bromo5ctanoic

acid, followed by acidification.***^®® 2-Hydroxyoctanoic acid

freezes at 69.5^. It is difficultly soluble in cold water and is

very soluble in ethanol and ether. 6-Hydroxyoctanoic add,

CH3CH2CH(0H)(CH2)4C02H, has been synthesized by the re-

duction of 6-ketooctanoic acid ^vith zinc and potassium hydroxide.^*
It has been described as a viscous liquid. Chuit and Hausser

have prepared 8-hydroxyoctanoic acid, H0(CH2)7C02H, by the

partial reduction of potassium methyl suberate ^vith sodium in

ethanol. The pure acid melts at 58°. It yields a dimeric lactone

(in.p. 92.6-03.6°, bo 3 160-162°, 0.9737, 1.4444) on heat-

ing with benzenesulfonic add.*'

Htdboxynonanoic Acids (Hydboxypelabgonic Acids)

Several of the hydroxynonanoic acids have been ^ynthedsed.

2-Hydroxynonanoic add has been prepared by the action oi

potassium hydroxide on 2-bromononanoic add.'** The add
freezes at 70°, and yields octanal together with the lactide when
heated. 3-Hydroxynonanoic add, CH8(CH2)sCH(0H)CH2C02H,
is formed along with enanthic add and l,2,4r-decanetriol by

the oxidstian of hexyl ahyl carbinol,

CeHis.

CH2:CHCH2
^H(OH) 105
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The add freezes at 48-^1®. 7*Hydroxynonanoic acid, CH3CH2-
CH(0H)(CH2)6C02H, has been obtained by the reduction of 7-

ketononanoic add with zinc and potassium hydroxide.^^’ The acid

boils at 204® imder 25 mm. It has been reported to form 4-pentyl-

but3rrolactone by the action of sulfuric acid. Chuit and Hausser

have prepared 9-hydrox3nionanoic acid, H0(CH2)8C02H, by sev-

eral methods. The partial reduction of potassium methyl azelate

by sodium in ethanol gives a 31.6% yield of 9-hydroxynonanoic

acid, which can be purified through its acetyl derivative. The re-

duction of dimethyl azelate results in an 8% yield of the hydroxy

acid and a 73% yield of the corresponding glycol. The oxidation of

the bromohydrin CH2Br(CH2)7CH20H 3delds the corresponding

carboxylic acid together with the brominated etholide. Treatment

of the bromohydrin with potassium ethylate, followed by hydroly-

sis of the resulting product, yields the free acid together with its

etholide. 9-Hydroxynonanoic acid melts at 51-61.6®, and its

lactone at 24-26.5®.

Hydroxydecanoic Acids (Hydroxycapric Acids)

Three of the hydroxydecanoic acids have been prepared and
their properties described. 2-Hydroxydecanoic acid, CH3(CH2)7-

CH(0H)C02H, results from the treatment of 2-bromodecanoic acid

with potassium hydroxide.®® It freezes at 70.5®, and decomposes

upon distillation to give nonanal. 4-Hydroxydecanoic acid,

CH3(CH2)5CH(0H)(CH2)2C02H, easily forms a 7-lactone, 4-

hexylbutyrolactone. The acid together with ^ts lactone results

from the treatment of 4-bromodecanoic acid with sodium hydrox-

ide.^®® The lactone has also been prepared by the distillation of

hexylparaconic acid.^®® GoldsobeP®^ has reported the formation

of 4-hydroxydecanoic acid by the action of fuming hydrochloric

acid on the oxime of 12-hydroxy-9-ketostearic acid. 10-Hydroxy-

decanoic acid, H0(CH2)9C02H, results from the partial reduc-

tion of sebacic acid derivatives.^^ It easily forms a mono- and also

a dietholide. The lactone melts at 4-5® and boils at 67-75® at

0.3 mm. 10-Hydroxydecanoic acid forms a dimeric and a tri-

meric lactone.®^

Hydroxyundecanoic Acids

2-Hydroxyundecanoic add, CH3(CH2)8CH(0H)C02H, has been

obtained by Bagard ®® by the treatment of 2-bromoundecanoic acid

with potassium hydroxide. It freezes at 69®, and yields decanal
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upon distillation. 4*Hydroxyundecanoic acid, CH8(CH2)6CH-
(0H)(CH2)2C02H, has been reported to be formed by the hydroly-

sis of the sulfuric add addition product of 10-imdecenoic add.^®^

The add freezes at 34° and forms a 7-lactone upon standing at ordi-

nary temperatures. 11-Hydroxyundecanoic add, HO(CH2)i(r
CO2H, has been i^thesized by several methods. Walker and
Lumsden have reported its preparation from ll-bromoundeca-

noic acid by the action of silver oxide in alkaline solution. Chuit

and Hausser^ have obtained ll-hydroxyimdecanoic add by the

hydrolysis of ll-hydroxyundecanenitrile, HOCH2(CH2)9CN, and

also by heating the condensation product of 9-bromo-l-nonanol

and dimethyl sodiomalonate. The reactions involved in the latter

instance are as follows:

HOCCHjOsCHaBr + NaHC(C02CH8)2

H0(CH2)8CH2CH(C02CH8)2 + NaBr

H0(CH2)8CH2CH(C02H)2 H0(CH2)8CH2CH2C02H + CO2

11-

Hydroxyundecanoic acid freezes at 70° and is easily soluble in

ethanol and ether. It is very slightly soluble in water (0.04 part

in 100 parts at 20°). The following constants have been reported

for the monomeric lactone: 60 04 68-60°, dj® 0.9928, and np 1.4727.

The dimeric lactone melts at 71.5-72°.®^

HYDROXYDODECANOIC AciDS (HyDROXYLAURIC AcIDS)

2-Hydroxydodecanoic acid, CH3(CH2)9CH(OH)C02H, has been

prepared by the action of aqueous potassium hydroxide on 2-

bromolauric acid.^^® The acid freezes at 73-74° and yields un-

decanal upon distillation. The preparation of 4-hydroxydodeca-

noic acid, CH3(CH2)7CH(0H)(CH2)2C02H, by* the saponification

of its lactone has been described.^^^ The acid melts at 62.5-63.5°.

12-

Hydroxydodecanoic acid (sabinic acid), HO(CH2)iiC02H,
occurs as its etholide in the waxlike substances present in various

species of conifers. Etholides were first described by Bougault

and Bourdier,™ who obtained them by the alcohol extraction of

pine needles. Saponification of the etholides yields only salts of

the hydroxy acids, thus showing them to be waxes in which the

hydroxy acid functions as both the alcohol and the acid. Two
hydroxy acids, sabinic add and juniperic acid (16-hydroxypalmitic

acid), have been separated from the conifer waxes, the former

being reported to occur only in the wax obtained from Juniperas

sabina, whereas the latter is present in all conifer waxes which
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have beoi examined. The structure of sabinie add as 124qnlr(xxy-

lauric add was estaUished by Bougault,^ who observed that it

gave dodecanedioic add upon oxidation. The reduction oS sabinie

add with sine and acetic add yidds lauzic add. Sabinie add
gives 124oddauric add when treated with iodine and phoqihorus.

The hydroxy add melts at 84*’, and is quite soluUe in ethanol.

Chuit and Hausser” have eynthedsed sabinie add by the con-

densataon 10>bramo<l-decanol with dimethyl malimate in the

presence of sodium and also by the oxidation of 12-tridecenyl

acetate. The reaction involved in the latter procedure is as

fdlows:

* Os Hydrolysis

CH8C02(CH2)iiCH:CH2 —> CH8COj(CH2)iiC02H >

H0(CH2)iiC02H

Hydroxttridecanoic Acids

Le Sueur^^*hasprepared 2-hydroxytridecanoic acid, CH3(CH2)io-
CH(0H)C02H, by the action of potassium hydroxide on 2-bromo-

tridecajnoic acid. It freezes at 78^ and is easily soluble in ethanol

and ether but insoluble in petroleum ether and benzene. 4-Hy-

droxytridecanoic acid has been obtained by the saponification of

its 7-lactone which has been prepared by the action of sulfuric

acid on 12-tridecenoic acid. The free acid melts at 66-66.5®. The
terminal hydroxy add, 13-hydroxytridecanoic acid, HO(CH2)i2-
CO2H, has been prepared by the partial reduction of the dimethyl

ester of tridecanedioic acid, (CH2)ii(C02CH3)2, with sodium and

ethanol.^ It was purified as the acylated add, CH2(OAc) (CH2)ii-

CO2H (6760 202-203®, m.p. 49-49.2®), the saponification of which

yielded the free acid. 13-Hydroxytridecanoic acid melts at 79-

79.6®, and its methyl ester at 44®. The lactone, prepared in ben-

zene solution in the presence of benzenesulfonic add,^^ has the

following physical constants: m.p. 20-21®, bio 139-142®, 0.9614,

and 1.4707. The dimeric lactone melts at 80-81®.

Hydroxyteteadecanoic Acids (Hydroxymyristic Acids)

Several naturally occurring hydroxytetradecanoic adds have

been described, although the terminal hydroxy add, corresponding

to sabinie add and juniperic add, has not as yet been isolated. A
dihydroxymyristic add has been obtained from the seed fat of

PhariUis nil ChoiB, by hydrolysis of pharbitic acid with sulfuric

add.'^^ Power and Rogerson had previously isolated this add,

which they termed ipurolic add. bv hvdrolvsis of the seed fat of
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Ipomea pwrpwrea^ and had determined it to be a dihydroxy-

myristic add. Asahina and Shimidzu^* studied the oxidation

products of ipurolic add and showed it to be 3,ll<dihydroxy-

myristic add, a structure which was later confirmed by Asahina

and Nakanishi.^^^ The removal of the 3-hydroxy group from

ipurolic add by partial dehydration yields ll-hydroxy-2-tetiar

decenoic add, the hydrogenation of which gives 11-hydroxy-

tetradecanoic add, melting at 51^. The question of the identity

of this acid with a monohydroxymyristic acid, melting at 51^,

obtained many years ago by Muller from Angelica archangelica

oil, has not been answered.

In addition to the above naturally occurring hydroxymyristic

acids, at least two synthetic acids have been prepared. 2-Hydroxy-

tetradecanoic add, CH3(CH2)iiCH(0H)C02H, has been obtained

by the action of alkali-metal hydroxides on 2-bromomyristic

acid.^^**^^* The acid melts at 51-51.5° and is easily soluble in

ethanol, acetone, and ether. It forms tridecanal together with the

lactide when heated. 14-Hydroxytetradecanoic acid has been

prepared by several methods.^ The partial reduction of the

methyl ester of tetradecanedioic acid results in a waxlike conden-

sation product consisting of the hydroxy acid and the unreduced

dicarboxylic acid. The hydroxy acid is obtained by saponification

of this ester and is purified as the acylated acid, CH2(OAc)(CH2)i2
-

CO2H, m.p. 54-54.5°. The condensation of dimethyl sodiomal-

onate with 12-bromo-l-dodecanol has been used for the prepara-

tion of 14-hydroxytetradecanoic acid. The acid has also been 1^-
thesized by the conversion of 13-bromo-l-tridecanol to 13-cyano-l-

tridecanol, followed by the saponification of this nitrile to the

corresponding acid. The monomeric lactone of 14-hydroxytetrar

decanoic acid boils at 106-109° under 0.2 mm. pressure, and the

dimeric lactone melts at 106-107°.®^

HYDROXYPENTADECANOIC AciDS

2-Hydroxypentadecanoic acid, CH3(CH2)i2CH(0H)C02H, has

been prepared by the action of sodium hydroxide on 2-bromo-

pentadecanoic acid.^^® The acid melts at 84.5°. It is easily soluble

in ethanol but difficultly soluble in cold benzene. A hydroxy-

pentadecanoic acid, convolvulinolic add, has been reported to be

present in convolvulin resin, a substance obtained from the roots

of plants of the conoohrukuxae family.“^^“ Convolvulinolic add
was initially considered to be ll-hydroxy-12-methyltetradecanoic
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add, CH8CHaCH(CH8)CH(0H)(CH8)9C02H, a structure which

was accepted by Power and Rogerson.^* The add was reported

to be optically active. Later, Asahina and Akasu^ reported that

convolvulindlic add gives pentadecanoic add upon reduction and

a study of the rearrangement of the oxime of the corresponding

keto add led to the condusion that this add is ll-hydroT^-

pentadecandc add. Davies and Adams have ^thesised 11-

hydro^pentadecanoic add by the iise of methyl 11-aldoimdeca-

noate and butylmagnesium bromide. The synthetic add melted

at 63.5-64° and was found to differ from the naturally occurring

convolvulinolic add. The structure of this latter add is still,

therefore, undetermined. A hydroxypentadecanoic add was re-

ported by Ciamidan and Silber to be present in angelica oil,

and a munber of years later Kerschbamn ** observed this add to

yidd pentadecanedioic add, (CH2)i3(C02H)2 ,
upon oxidsr

tion, thus indicating it to be 15-hydrox3rpentadecanoic add,

H0(CH2)i4C02H. Chuit and Hausser” have prepared 15-

hydrox3npentadecanoic add by the partial reduction of the di-

methyl ester of pentadecanedioic add and also by the malonic

add method from 13-bromo-l-tridecanol. The monomeric lactone

mdts at 34r-35° and boils at 105-107° under 0.01 mm. pressure.*'

Htdboxyhexadbcanoic Acids (Htdboxtpalmitic Acids)

At least two hydroxypalmitic adds have been identified in

the naturally occurring fats and waxes. Jalapinolic add (11-

hydroxypalmitic add) has been isolated from scammony root wax
by Power and Rogerson,*^* and juniperic add (16-hydroxypalmitic

add) has been obtained from the etholides of coniferous waxes by
Bougault and Bourdier.'** In addition to these naturally occurring

adds, several of the members of this group have been synthedzed

and thdr properties described. 2-Hydroxyhexadecanoic add,

CH3(CH2)i3CH(0H)C02H, has been obtained by the action of

potassium hydroxide on 2-bromopalmitic acid.“*-“* Ponzio'*'

prepared 2-hydroxypalmitic add together with 2-hexadecenoic

add by the treatment of 2-iodopalmitic acid with alcoholic potas-

sium h3rdroxide. The add has been reported to freeze at 86.5-37°.

11-Hydroxyhexadecanoic add, CH3(CH2)4CH(0H)(CH2)9C02H,
has been synthedzed by Davies and Adams *' by the action of n-

amylmagnedum bromide on methyl 11-aldoundecanoate. A com-

parison of the eynthetic add with the naturally occurring jalapin-
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olic add showed that the latter is the d-form of ll-hydroi^-

hexadecanoic add. The synthetic add mdted at 68-60°. !&•

Hydroxyhexadecanoic add, juniperic add, H0(CH2)isC02H, was
first obtained by Bouganlt and Bourdier" by hyd^lysis of the

etholides of coniferous waxes. One of these authors^ later showed
juniperic add to be 16-hydroxypalniitic add. The naturally

occurring add was reported to melt at 65°, its mdting point de-

creasing to 83° if heated above the melting point for a short time.

A hydroxyhexadecanoic add melting at 73.8-74.2° has been

isolated from beeswax by Ikuta; however, it has not been deter-

mined whether tins is an impure form of juniperic add or another

hydroj^nxi^l^ic add. Jrmiperic add has been synthesized by the

reduction of dimethyl thapsate (CH2)i4(C02CH3)2, and also by
the oxidation of the monoacetate of 1,16-hexadecanediol.^^ The
dietholide, which melts at 87.5-88.0°, has been prepared by heating

the free add to 125°. Stoll and Rouv4 have reported the follow-

ing physical constants for the lactone: m.p. 15°, 0.9397, and
n!>*® 1.4699.

HYD»OXYHE3tADBCENOIC AciDS

Kerschbaum *® has observed that the odoriferous constituent of

musk seed oil is a lactone (ambrettolide) which boils at 185-190°

at 13 mm. Hydrolysis of this lactone gives 16-hydroxy-7-hexar

decenoic acid, CH2(0H)(CH2)7CH:CH(CH2)8C02H, ambrettoUc

add. Upon reduction the acid yields juniperic acid, the oxidation

of which gives thapsic acid. Oxidation of ambrettolic add results

in azelaic and pimelic acids, which indicates that the double bond

is between the seventh and eighth carbon atoms.

Hydboxyhbftadecanoic Aans

Two hydroxyheptadecanoic acids have been i^thesized. 2-Hy-

droxyheptadecanoic add, CH3(CH2)i4CH(0H)C02H, has been

prepared ^ by the action of potassium hydroxide on 2-bromohep-

tadecanoic acid. It melts at 89°, and forms palmitalddiyde to-

gether with a lactide when heated. 17-Hydroxyheptadecaaoic add,

H0(CH2)i6C02H, has been obtained by the partial reduction of

the dimethyl ester of heptadecanedioic add, (CH2)i5(C02CH3)2.''^

It mdts at 87.5-88.0° and yields both a monomeric lactone, 5o.2

135-138°, and a dimeric lactone, m.p. 96-97°, when heated in

benzene in the presence of benzenesulfonic add.**
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Htbbqzyoctadeganoic Acids (Htbroxtstearic Acids)

Ten of the seventeen hydroxystearic adds have been prepared

and characterized. The question as to whether the hydroxystearic

adds are present in the natural fats and waxes has not been con-

clusively answered. Hydroxystearic adds have been reported to

occur in wool fat and floral waxes.^*^ The fatty adds of wool

fat are discussed separately, since their exact constitution is still

open to question.

2-Hydroxyoctadecanoic acid, CH3(CH2)i5CH(0H)C02H, has

been obtained by heating 2-bromo6tearic acid with aqueous

or alcoholic potassium hydroxide. Ponzio has obtained this

add together with 2-octadecenoic acid by treating 2-iodostearic

acid with alcoholic potassium hydroxide. 2-Hydroxyoctadecanoic

acid yields heptadecanal and a lactide when heated. 3-Hydroxy-

octadecanoic add, CH3(CH2)i4CH(0H)CH2C02H, has been pre-

pared in a manner similar to that used for its 2-isomer.^^ It melts

at 89^ and is soluble in hot ethanol. 7-Hydroxyoctadecanoic acid

has been prepared by hydrolysis of the sulfuric acid addition

product of petrosdinic acid (6-octadecenoic acid). The hydroxy

add melts at 82®. Tomecko with Adams “ synthesized 9-hydroxy-

octadecanoic acid, CH3(CH2)8CH(0H)(CH2 )7C02H, melting at

74-75®, by the Grignard reaction, employing 9-aldononanoic acid

and nonylmagnesium bromide, the reaction being as follows:

H2O
CsHwMgBr + 0CH(CH,)7C02H MgBrOCH(C9Hi9)(CH2)7CX)2H >

C9Hi9CH(0H)(CH2)7C02H + MgBrOH

These authors have obtained 10-, 11-, 12-, and 13-hydroxyocta-

decanoic adds by similar procedures. Methyl 9-hydroxyoctadeca-

noate melts at 45-46® and boils at 212-216® under 4 mm. pressure.

lO-Hydroxyoctadecanoic acid, CH3(CH2)7CH(0H)(CH2)8C02H,
has been S3mthesized by a number of methods. This add has been

named rosilic acid,^’^ owing to its supposed occurrence in the wax
of the Druschky rose. Hydrolysis of the sulfuric acid addition

product of oldc add^*®*^” or elaidic acid^*^ yields 10-hydroxy-

octadecanoic add. Owing to an erroneous belief that the double

bond in oldc and daidic acids is between the third and fourth

carbon atoms, the add obtained by the above procedure has been

described in some of the earlier literature as 4-hydroxy-

octadecanoic add. 10-Hydroxyoctadecanoic acid has been pre-

pared by the action of sUver oxide on 10-iodostearic acid.^^^
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Tomecko with Adams *• obtained 10-h;^droxyoctadecanoic add by
the Grignard method. These latter authors reported a melting

point of 81-82® for the add, and of 63-64® for its methyl ester.

It is soluble in ethanol and ether and imdergoes considerable de-

hydration to ethylenic adds when distilled under 16 mm. pressure.

11-Hydroxyoctadecanoic add, CH3(CH2)6CH(0H)(CH2)9C02H,
has been obtained from 10-octadecenoic add by the hydrolysis of

its sulfuric acid addition product, and also by the treatment of

11-iodostearic acid with silver oxide.^’^ The add has also been

obtained by the Grignard method.** It has been reported to melt

at 76-77®, and its methyl ester at 49-60®. This acid is somewhat
more soluble in ethanol than its 10-isomer. 12-Hydroxyoctar

decanoic acid, CH3(CH2)5CH(OH)(CH2)ioC02H, can readily be

prepared from ricinoleic acid by hydrogenation, and Walden^'*®

has reported that this hydrogenation results in an optically in-

active hydroxystearic acid. The reduction of the hydrogen

bromide addition product of ricinoleic acid with zinc and hydro-

chloric acid has been observed to result in the formation of 12-

hydroxyoctadecanoic acid.^^* The acid has also been prepared by
the hydrogenation of methyl ricinoleate in the presence of plati-

num.^^ Tomecko with Adams** synthesized 12-hydroxyocta-

decanoic acid by the Grignard method and reported a melting

point of 78-79® for the acid and of 50-61® for its methyl ester.

The following physical constants have been observed for the

lactone: bo n 140-145®, df 0.8902, and 1.452. 13-Hydroxy,

octadecanoic acid, CH3(CH2)4CH(0H)(CH2)iiC02H, melting at

77-77.5® has been prepared by Tomecko and Adams by the Grig-

nard method. The methyl ester melts at 62.0-62.6°. The ter-

minal hydroxy acid, 18-hydroxyoctadecanoic acid, HO(CH2)i7
-

CO2H, has been obtained ^ by the partial reduction of the dimethyl

ester of octadecanedioic acid, (CH2)i6(C02CH3)2. The acid

melts at 96.6-97.2®, and its lactone *^ at 36-37®.

HYDROXYOCTADECENOIC AciDS

l^^Hydroxy-Q'-odcukcenoic Acid {Ricinoleic Acid).

CH^{CH2)5CH{0H)CH2CHiCH{CH2)-jC02H

Ricinoleic acid is the most important hydroxy fatty acid known.

Its position among the hydroxy acids may be said to parallel that

of oleic acid in the ethylenic series or palmitic and stearic acids

among the saturated acids. Ricinoleic acid is the only naturally

occurring hydroxy fatty acid which is present in sufficient quanti-
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ties in the oils and fats to be of economic importance. The occuiv

rence of ricinoleic add is confined essentially to the seed oils of

plants of the Ridnus species; however, it has also been reported

to be present in several other oils. The most common source of

lidnoldc add, castor oil, contains between 80 and 85% of this

acid as the glyceride, and the high viscosity and other dis-

tinctive properties of castor oil are due to the presence of such

glycerides. As early as 1827, Bussy and Lecanu observed that

the products of the pyrogenic distillation of castor oil differed from

those obtained when other oils are similarly treated. Eighteen

years later, Bussy recognized enanthaldehyde as one of the

decomposition products of castor oil. The pyrolytic decomposition

of lidnoldc add and of its derivatives has been studied extensively

(see 9,11-octadecadienoic acid). The heating of ricinoleic acid,

even imder a high vacuum, results in two types of decomposition

which may proceed simultaneously. Heptanal and 10-undecenoic

acid are formed by the following reaction:

CH8(CHa)5CH(0H)CH2CH:CH(CH2)7C02H

CH3{CH2)6CH0 + CH2:CH(CH2)8C02H

Dehydration may also result with the formation of a mixture of

9,12- and 9,11-octadecadienoic acids.^“'^“’^®® Pyrolysis of ricin-

oleic add and its derivatives results in the formation of an appre-

dable residue which is composed largely of polyricinoleic acids

and their decomposition products.^®^^®®»^“ Ricinoleic acid was

probably first isolated by Saalmuller who gave it its present

name. The accepted formula of ricinoleic acid, 12-hydroxy-9-

octadecenoic acid, has been established by the investigations of

Goldsobel.^®' The acid was first converted to ricinstearolic acid,

CH3(CH2)5CH(0H)CH2CiC(CH2)7C02H, then to 12-hydroxy-9-

ketostearic add, the ketoxime of which was subjected to a Beck-

mann rearrangement, the product of which was split by means of

concentrated hydrochloric acid. The isolation of the lactone of

4-hydroxydecanoic add, 2-hexyltrimethylenmiine, 8-aminooctanoic

acid, and of azelaic acid proved the hydroxyl group to be on the

twelfth carbon atom and the ethylenic bond to be between the

ninth and tenth carbon atoms. The method is similar to that

employed by Baruch for the determination of the positions

of the double bonds in oleic and erucic adds. The formula pro-

posed by Goldsobel for ricinoleic acid was verified in the same year

by Walden and has since been confirmed by a number of inves-
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The proof of the structure of ricinoleic add
by Goldsobel was preceded by a veiy appreciable amount of work
on this subject which, however, resulted in erroneous conclusions

concerning the positions of the hydroxyl and ethylenic groups in

this acid. Krafft,^®® for example, considered ricinoleic add to be

12-hydroxy-lO-octadecenoic acid.

A lai^e number of methods have been proposed for the prepara-

tion of ricinoldc acid from castor oil. Krafft^®* removed the

saturated fatty acids from castor oil fatty acids by cooling and
pressing. Juillard^®^ attempted to purify ricinoleic acid by
crystallization of the barium salts, a procedure which was later

employed by Kozlowski and Halvorson.^® Alcoholysis followed

by ester fractionation was used by Haller; others have employed

solvent extraction with petroleum ether. Rider has ob-

tained ricinoleic acid, melting at 4-5°, by distillation of the acylated

methyl esters of castor oil fatty acids. The saturated acids had
been removed previously by precipitation in an equal volume of

ethanol at —15°. Straus and others have prepared ricinoleic

acid by ciystallization of the lead salts and the methyl esters of

the benzoylated castor oil acids. In spite of the many procedures

which have been suggested for the preparation of ricinoleic acid,

the pure acid has not as yet been obtained from castor oil. Re-

cently, Brown and Green have attempted the preparation of the

pure acid by the low-temperature solvent crystallization of methyl

ricinoleate. It was found to be possible to prepare the methyl

ester by this method; however, a pure acid was not obtained on

saponification, since hot saponifications resulted in the formation

of polyacids and of diethylenic acids as impurities, while cold

saponifications were observed to be incomplete. Ricinoleic acid

of 96.5% purity, however, was prepared by direct crystallization

of the acid mixture from acetone at —70°.

The following physical constants have been reported for ricin-

oleic acid: m.p. 5.5°,^^^ 0.940, wd 1.4716, acetyl value 137.9

(theory 144.2).^^^ The acid is optically active [a]u^ + 6.25°

(acetone), [a]D + 7.15° (acetone). Haller and Brochet have

reported that the 3-hydroxynonanoic acid, m.p. 47-48°, formed

together with azelaic acid by the decomposition of .ricinoleic acid

ozonide, is dextrorotatory [ajp + 2.26; however, Matthes and

Kiirschner have reported it to be levo- and not dextrorotatory.

The mild oxidation of ricinoleic acid with potassium permanganate

yields two isomeric trihydroxystearic adds.^^* The chemical reao-
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tions and derivatives of ricinoleic acid are discussed m another

chapter.

As previously stated, the chief source of ricinoleic acid is the

seed fats of plants of the Ririnus species, the most common of

which is castor oil. Eibner and Mimzing have reported that

castor oil contains 80% ricinoleic add, 9% oldc acid, 3% linoleic

add, and 3% stearic and hydroxystearic acids. The chief con-

stituent is, therefore, triridnolein. A hydroxyoctadecenoic add
obtained from oil of ergot has been shown to be ricinoldc add.^”

Ridnoldc add has been reported to be present in ivory-wood

oil,^^* 47%, Argenume oil,^^* 9.84%, and Agonandra seed fat.^^

An isomer of ricinoldc add, whidi posdbly contains the hydroxyl

group in a different position, has been obtained by Vidyarthi and

Mallya from the seed oil of Veronica anfhelmintica. A hydroxy

add of unknown constitution has been separated from grape seed

oil,^’* and a hydroxyoleic acid, isomeric with ricinoleic acid, has

been observed in quince seed oil.
“

Ridnelaidic Acid

The daidinization reaction discovered by Poutet in 1819 was
later applied by Boudet to a number of oils, one of which was
castor oU. It was observed that castor oil 3delds a solid fat when
treated with nitrogen oxides. The name ‘'palmine^' was given to

this solidified fat, and the acid, m.p. 50°, obtained from this fat

was termed ^^palmic add,” which name was later changed to

ridndaidic add. This add, which is the trans form of ridnoleic

add, can be prepared by the same procedures employed for the

conversion of oleic add into elaidic add. Ricinelaidic add, like

daidic add, is not present in the naturally occurring fats and oils.

It has been prepared by Playfair by the action of nitrous acid

on ridnoleic acid, and this method has been employed subsequently

by others.^®** The acid may also be obtained by the elaidiniza-

tion of the glycerides of ridnoleic add followed by saponification

and addification.^®® The oxidation of ricinelaidic acid by potas-

sium permanganate 3delds two isomeric trihydroxystearic acids

which melt at 117-120® and 113-116°. Acetylridnelaidic add has

been reported, to be an oil which is easily soluble in ethanol and
ether. A dihydroxystearic acid, probably 10,12-dihydroxystearic

add, has been prepared from ricinelaidic acid.^®®

Ridnelaidic add melts at 52-53° and is optically active,

[a]^ + 6.67° (ethanol).
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Hydboxtoctadectnoic Acids

12-Hydrox3r-9-«ctadeQmdc acid (ricinsteardic add), CH3-
(CH2)5CH(OH)CH*CiC(CH8)7C02H, has been prepared by Ul-

rich by die treatment of 12-hydro]^-9,10-dibromostearic add
with alcohdic potassium hydroxide solution. It was later found

to be necessaiy to reflux the reaction mixture for twenty hours

instead d the eight hours originally proposed. Ridnstearolic

add melts without decomposition at 53° and is optically active,

Md + 13.67° (acetone). It is converted by the action of con-

centrated sulfuric add into 12-hydroxy-lO-ketostearic acid, which

melts at 84-55°.

An add termed ridnic acid has been obtained by the pyrolyds

of barium ricinoleate.^*^*** The purified acid melts at 81° and is

soluble in ethanol. Perrotte has studied the pyrolysis of barium

ricinoleate and has obtained methyl hexsd ketone and 12-keto-

stearic add. The formation of 12-ketostearic acid indicated the

displacement of the double bond from the 9- to the 11-position.

Hydboxynonadecanoic Acids

The terminal hydroxynonadecanoic acid, 19-hydroxynonadeca-

noic acid, H0(CH2)i8C02H, is the only member of this series

which has been described.’^ It is formed in small yields by the

partial reduction of the dimethyl ester of nonadecanedioic add,

(CH2)i7(C02CH3)2. The free acid melts at 91-91.5°, its acetyl

derivative at 70.0-70.2°, and its methyl ester at 65.6-66.0°.

Hydboxyeicosanoic Acids (Hydboxyabachidic Acids)

2-Hydroxyeicosanoic acid, CH3(CH2)i7CH(0H)C02H, has been

obtained by heating 2-bromoarachidic acid with alcoholic sodium

hydroxide.*** It melts at 91-92°. 20-Hydroxyeicosanoic add,

H0(CH2)i9C02H, is formed in small 5delds by the partial reduction

of the dimethyl ester of eicosanedioic acid.^* The free add melts

at 97.4-97.8°, its acetyl derivative at 77°, and its methyl ester at

68-68.5°.

Hydboxyheneicosanoic Acids

21-Hydroxyheneicosanoic acid, HO(CH2)2oC02H, has been ob-

tained by the partial reduction of the dimethyl ester of heneico-

sanedioic add, (CH2)i9(C02CH3)2.” The acid melts at 92.5-

93.0° and its acetyl derivative at 73.8-74.2°.
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Hydroxydogosanoig Agios (Hydroxybehenig Agios)

2-Hydroxybehemc add, CH3(CH2)i9CH(0H)C02H, results

from the action of aqueous potassium hydroxide on 2-bromo-

behenic acid. An acid stated to be 2-hydroxybehenic acid has

been reported to be present in cork and has been identified as one

of the products formed by the hydrolysis of suberin.^^ This acid

has been named phellonic acid. An acid, melting at 88-91°, and

stated to be either 13- or 14-hydroxydocosanoic acid, has been

obtained by the action of potassium hydroxide on 14-bromobehenic

acid.^®®

High Molegular Weight Hyoroxy Agios

2-Hydroxycerotic acid, CH3(CH2)23CH(0H)C02H, has been

synthesized by Marie through the action of alcoholic potassium

hydroxide on 2-bromocerotic acid and also by the saponification

of ethyl 2-acetylcerotate, which is obtained by the action of lead

acetate on 2-bromocerotic acid. 2-Hydroxycerotic acid melts at

86.5°. 2-Hydroxymelissic acid, CH3(CH2)27CH(0H)C02H, m.p.

97.5°, has been prepared by similar procedures.

Other Hyoroxy Acids of Natural Origin

In the above descriptions of the hydroxy fatty acids we have

considered only those acids which have been synthesized by
recognized procedures or the naturally occurring acids of proved

structure. A number of fatty substances of both animal and vege-

table origin are known to contain hydroxy acids; however, in

several of these cases, the actual identities and structures of the

individual acids are still undetermined. In such cases, it is prob-

ably advisable to consider such acids with reference to their

source, since much research is still necessary upon these acid mix-

tures before their components are separated and positively iden-

tified. The principal fatty substances which have been reported

to contain hydroxy fatty acids are as follows.

Wool Wax
It has long been recognized that wool fat differs materially from

other animal fats. The work which has been done upon this sub-

stance has served to point out its distinctive characteristics but

has given us only a superficial knowledge of many of its important

components. This is particularly true of the fatty acids of wool

fat, which are deservifig of much more attention than they have



OTHER HYDROXY ACIDS OF NATURAL ORIGIN igs

received to date. Wool fat consists almost exclusively of the fatty

acid esters of cholesterol, isocholesterol, and hi^er aliphatic

alcohols, and since it does not contain glycerol it is properly classed

as a wax rather than a fat. Early investigations indicated

the waxy structure of wool fat, and somewhat later Lewkowitsch

announced that the fatty acids of wool wax contain hydroxy acids,

since these acids form lactones upon heating and are reactive with

acetic anhydride. The extensive investigations of Darmstaedter

and Lifschiitz upon the fatty acids of wool wax confirmed the

presence of hydroxy acids and resulted in the isolation of a di-

hydroxy acid, C30H60O4, melting at 104-105°, which they termed

lanoceric acid. LanopaJmic acid, C16H32Q3, melting at 87-88°,

and several other hydroxy acids of undetermined composition were

also shown to be present. They also isolated a large amount of a
saturated acid melting at 72-73° which was considered to be either

C26H52O2 or C27H54O2. A number of years later, Rohmann
reported that wool fat contains stearic, cerotic, and hydroxy fatty

acids, the last of which are optically active. The presence of

saturated acids such as myristic, palmitic, stearic, and cerotic

acids was confirmed by Drummond and Baker; however, they

failed to obtain the lanoceric or lanopalmic acids which had been

previously described. In 1935, Abraham and Hilditch reported

the results of their investigation of wool wax fatty acids in which

they separated the acids by fractionation of the methyl esters.

This work confirmed the previous observation of Darmstaedter

and Lifschiitz that the chief acid present is a hexacosanoic acid

melting at 73-75°, isomeric but not identical with cerotic acid.

Lanopalmic acid and lanoceric acid were identified, as were a

series of acids whose compositions approximated the following

formulas: C15H30O2, C20H40O2, C20H40O3 (or C20H38O3), and

C30H60O3 (or C30H58O3). The hydroxy acids present are optically

active and can be easily converted into lactones by boiling with

dilute mineral acids. The saturated acids were observed to possess

lower melting points than the corresponding normal acids, and it

was therefore concluded that acids of the normal aliphatic series

are not present in wool wax. These authors suggested that the

acids of sterol waxes secreted in sebaceous and similar glands are

probably derived from isoprene or terpenes. The saturated acids

of wool wax were subsequently studied by Kuwata and Ishii,^®*

who concluded that they are not identical with the noimal acids.

They reported the presence of lanomyristic acid, melting at 58.5-
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59.5^, laDopalmitic acid, melting at 44.5-46.0^, lanostearic add,

mdting at 54*^^, and lanoarachidic add, melting at 56.8-58.4^.

The hydroxy adds lanopalmic and lanoceric were aJ^K) investigated

by these authors, and in 1938 Kuwata showed that lanopalmic

add is a stereoisomer of 2-hydroxypalmitic add. Oxidation of the

methyl ester gave 2-ketopalmitic add, the further oxidation of

which yielded pentadecanoic acid, which was also obtained by
deavage of the oxime. Lanopalmic add melts at 86-87^ and is

optically active, [a}o —1.0° (ethanol); its methyl ester melts at

45-46° and diows [a]D— 1.5°. Several derivatives of lanoceric add
have been described.^ In 1945, Weitkamp published the results

of an extensive investigation of the fatty acids of wool fat, in

which the acids were separated by the distillation of their methyl

esters and identified. This author observed that the fatty adds
of wool fat fall into four general groups, which are: (1) normal

saturated acids; (2) 2-hydroxy acids; (3) iso-acids corresponding

to the general formula, CH3CH(CH3)(CH2)2nC02H, in which n is

3 to 12 inclusive; and (4) iso-acids whose general structure is

CH3CH2CH(CH3)(CH2)2nC02H, in which n is 2 to 13 inclusive.

The normal saturated acids which were isolated contained an even

number of carbon atoms ranging from Cio to C26. Of these acids

only myristic and palmitic acids appeared to be major components.

2-Hydroxypiyristic and 2-hydroxypalmitic acids were isolated, and

it was assumed that higher homologs of these acids were originally

present. These hydroxy acids were assumed to be levorotatory.

Those iso-acids in which the methyl group is attached to the

penultimate carbon atom were shown to possess an even number
of carbon atoms. The Cio to C2g members of this series were

isolated. The members of that series of iso-acids in which the

methyl group is attached to the antepenultimate carbon atom were

stated to contain an uneven number of carbon atoms and to be

dextrorotatory. The members of this series from C9 to C31 were

isolated. It is quite apparent that considerably more work is

required upon both the saturated and the hydroxy fatty adds of

wool wax before their structiues and configurations are definitely

determined. It is further evident that the origin of these acids

and their possible relationship to the sterols are matters of pro-

found biological interest.

Brain Lipides

The brain is frequently referred to as the master tissue of the

body since it controls and regulates all bodily functions. The
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relative size of the brain differs markedly in the various a.mmfi.1

species, being much larger in the higher forms of animal life. It

attains its greatest development in man, and because of this most
of the work upon the structure and composition of the brain has

been done on human brain substance. The brain is imusual among
body tissues in that it undergoes progressive changes in composi-

tion with increasing age of the individual. One of the most sig-

nificant features concerning the composition of the brain is the

very large amount of lipid substance which it contains, the amount
being greater than that foimd in any other bodily organ and second

only to fatty tissue itself. It is thus apparent that the lipides play

an extremely important role in this vital organ. The stupes which

have been made thus far upon the fatty substance of the brain

have served to point out its very unusual structure and extreme

complexity. The brain contains no neutral glycerides, the fatty

substance being composed essentially of cholesteiyl esters, phos-

phatides (lecithins), amino phosphatides such as brain cephalin,

and cerebrosides (glycolipides);~ The cerebrOSides are found

chiefly in the ^'^te matter of the brain and contain nitrogen, a

sugar which is mainly galactose, and fatty acids. They contain

no phosphorus and are ^present only in traces in the embryonic

brain. The most important of the cerebrosides are phrenosin and

l^rasin . The hydroxy acids present in brain substance are mainly

confined to these cerebrosides. The cerebrosides have been ob-

served to comprise roughly 7% of the white matter and 0.5% of

the gray matter of the brain, while the cholesteryl esters, phos-

phatides, etc., comprise 11.5% of the white matter. The br^
contains, in addition to the hydroxy acids, various unsaturated

acids such as nervonic acid; however, it is the presence of large

amounts of hydroxy acids which serves to distinguish the fatty

acids of brain substance from those of other animal fats. The

fatty acids of the brain show an interesting similarity to those

contained in the waxes of sebaceous origin, such as wool wax.

The significance of this correlation is not at present understood.

The principal hydroxy fatty acid which has been isolated from

the brain has been termed cerebronic acid. The questions as to

the actual structure of cerebronic acid and as to whether it repre-

sents an individual acid or a mixture of hydroxy acids have not

been settled. The original work upon the chemical constitution

of the brain was done by Thudichum,^ and one of the results of
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add/’ which he considered to be a Cis acid. The acid was later

named cerebronic add and was reported to be a hydroxypenta-

cosanoic acid.“* Subsequently, Levene and coworkers

supposedly proved it to be 2-hydrox3rpentacosanoic acid. How-
ever, Klenk *®^»*®* has presented evidence showing that the hydroxy

add isolated from phrenosin is a hydroxytetradecanoic acid.

Levene and coworkers made a further study of the cere-

bronic acid fraction and concluded that this add is actually a

mixture of hydroxy acids, a finding which is in agreement with that

of Grey®“ who reported the isolation of at least three hydroxy

adds from the cerebrosides of the human brain. Cerebronic acid

was again examined by Levene and Yang who reported it to

be a mixture of hydroxy fatty acids of both lower and higher

molecular weights than hydroxytetradecanoic acid. Recent

studies of the hydroxy acids of brain cerebrosides (phren-

osin and kerasin) have indicated that these cerebrosides contain

2-hydroxy acids of the C22, C24, and C26 series with the C24 acid

greatly predominating. Miiller^^^ has recently sjmthesized 2-

hydroxytetracosanoic acid by the action of potassium hydroxide

on 2-bromotetracosanoic acid. The dextro acid, separated by
means of its strychnine salt, was reported to be identical with

naturally occurring cerebronic acid. Cerebronic acid melts at

99 .5-100 .5° and is optically active, [a]i) + 3 .7° (pyridine).

The hydroxy acids of the brain occur principally in the cere-

brosides; however, Levene has reported the presence of hydroxy

acids in sphingomyelin. The hydroxy acids of brain substance

offer a problem of exceptional interest to both the chemist and the

biologist and will undoubtedly be the subject of much future

investigational work.

Bacterial Waxes

The fatty acids of tubercle bacteria wax contain small amounts

of hydroxy acids, several of which have been isolated and tenta-

tively identified. A high molecular weight hydroxy acid, possibly

C88H176O4, termed mycolic acid, has been obtained from the wax
of human and bovine tubercle bacteria.*^*»“® Chargaff has sepa-

rated a hydroxy acid, C62H104O3, melting at 63-65°, from the

lipides of Calmette-Gu4rin bacillus, and a hydroxy acid named

leprosmic acid has recently been isolated from leprosy bacteria

wax.^
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MisceUaneoiLS Naturally Occurring Hydroxy Adda

Hydroxy fatty acids of high molecular weight have been re-

ported to be present in Swertia japonica root fat cork,"*^ and

^'camaubon/’ an alcoholic extract of kidney lipids.^’ The acid

obtained from the last source has been named phrenosinic acid

and has been assigned the formula C25H50O3. The presence of

hydroxy acids has been suggested in many of the naturally occur-

ring fatty mixtures; however, in many of these instances the actual

acids have not been isolated and identified.

PART 3 THE KETO FATTY ACIDS

The keto fatty acids comprise a group of straight-chain carbox-

ylic adds which contain one or more carbonyl groups in the hydro-

carbon portion of the molecule. The hydrocarbon chain may be

either saturated or unsaturated. Such acids, therefore, show the

characteristic reactions of the ketones in addition to the typical

reactions of the carboxylic acids. They form derivatives with

hydroxylamine, phenylhydrazine, semicarbazide, and other re-

agents which react with carbonyl groups; and, in general, they

can be assumed to possess most of the typical properties of ketones.

The number of theoretically possible isomeric keto acids increases

with increase in the chain length of the acid. Thus, four isomeric

monoketohexanoic acids are possible, the keto group including

either the second, third, fourth, or fifth carbon atom as follows:

2-

ketohexanoic acid, CH3CH2CH2CH2COCO2H

3-

ketohexanoic acid, CH3CH2CH2COCH2CO2H

4-

ketohexanoic acid, CH3CH2COCH2CH2CO2H

5

-

ketohexanoic acid, CH3COCH2CH2CH2CO2H

Sixteen monoketooctadecanoic acids are possible, the keto group

being in any one of the positions indicated below.

17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2CHaCCCCCCCCCCCCCCCC CO2H

The number of keto acids theoretically possible is one less than the

number of hydroxy acids, the terminal keto acid functioning as an

aldehydo rather than as a keto add. Since the keto acids possess

the group—CH2CO—,
they are capable of imdergoing enolization
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with the fonnaticai of the group —CH:GHOH—,
aiui many of

the reactions of the keto acids are due to the presence oi this enol

form. The properties of specific keto acids depend^ to a very

considerable extent, upon the position of the keto group with

reference to the carboxyl group. This is particularly true with

those adds which contain the keto group in dose proximity to the

carboxyl. 2-Keto acids, RCOCO2H, have a tendency to lose

carbon dioxide wh^ heated with aqueous sulfuric acid, thus

forming aldehydes containing one less carbon atom than the

original adds.^ Such acids also lose carbon monoxide upon

heating, with the formation of the next lower saturated add.^^^

3-Eeto adds are quite unstable, easily losing carbon dioxide to

form ketones. The 4-keto adds, however, are more stable. Those

high molecular weight keto acids which contain the carbonyl

group in a position remote from the carboxyl are qualitatively

similar to each other in thdr chemical and physical properties.

All the keto adds can be reduced to the corresponding hydroxy

adds, which can in turn be further reduced to the saturated acids.

The position of the carbonyl group in a keto acid is best deter-

mined by subjecting the oxime to a Beckmann rearrangement

followed by a deavage of the resulting products. This method,

which was first described by Baruch,* has been extensively em-

ployed for the determination of the configuration of keto adds and

also of various unsaturated acids from vrhich keto acids can be

prepared.*

Keto adds are rarely found in the naturally occurring fats and

oils. Oiticica oil has been shown to contain a-licanic acid (4-keto-

9,11,13-octadecatrienoic acid), and lactorinic acid (6-ketostearic

add) has been stated to be present in the petroleum ether extract

of the fungus Lactariua. Small amounts of keto acids are appar-

ently formed by the action of microorganisms upon fats. Since

keto adds are not common to the natural fats, practically our entire

knowledge of this group is confined to the preparation and proper-

ties of the synthetic acids. Perhaps the most widely used procedure

for the preparation of the keto adds consists of the hydration of

the triple bond of acetylenic adds; however, this method is some-

what limited because of the difficulty of obtaining the acetylenic

adds. The direct addition of water to a triple bond can be brought

about at hi^ temperatures, or the hydration may be accomplished

* For the reactions involved see Oleic Add, Stearolic Acid.
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n the prasence of sulfuric add or other hydrating agents. The
lydration of acetylenic hydrocarbons by means of concentrated

sulfuric add is a well-known reaction and has been frequently

miployed for the preparation of ketones.^ Generally speaking,

bhe conditions for the hydration of acetylenic hydrocarbons are

ipplicable to the acetylenic adds. The use of alcoholic potassium

liydroxide to effect this reaction has been extensively investi-

gated.^ The addition of water to the triple bond of an acetylenic

a^cid results in the formation of two isomeric keto acids. The
isomer formed in the larger amount will be the keto add which

results from the oxygen atom attaching itself to the more electro-

positive of the two carbon atoms forming the acetylenic group.

The relative amounts of the isomeric keto acids depend, therefore,

upon the particular acid hydrated and to some extent upon the

reaction conditions employed. The hydration of acetylenic acids

may also be brought about by hydrolysis of the addition products

of acetylenic acids and mercuric salts in the presence of acids such

as acetic add.^^^ Keto acids have been prepared by the action of

Grignard reagents upon cyano adds according to the following

equations:

(I) H02C(CH2),CN + RMgX H02C(CH2)xRC:N]MgX

(II) H02C(CH2),RC:NMgX + 2HX + HgO

H02C(CH2)xC0R H- MgXz + NH4X

The action of dialkylzincs or of alkylzinc halides on the add chlo-

rides of the mono esters of dicarboxylic adds offers an excellent

method for the preparation of keto acids. It is known that alkyl-

magnesium halides generally yield tertiary alcohols with acid

chlorides, the ketone being an intermediate product which can be

isolated only in certain instances.^®'®®® Blaise and Koehler

have shown, however, that the acid chlorides of the mono esters of

dibasic acids give high yields of keto acids ^vhen treated with

alkylzinc halides. Acid chlorides of dibasic acids yield diketones

by the same procedure. The reactions for the formation of keto

acids by this method are as follows:

CH802C(CH2),C0C1 + RZnX
^ZnX

CH302C(CH2)*C—

R

HOH

CH302C(CH2),C0R + ZnX(OH) + HQ
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The action with alkylzincs proceeds in a somewhat similar manner:

CHs02C(CHs)«C0C1 + ZnR2

yOZnR
CH802C(CHj)iC—

R

HOH

CHs02C(CHj)*C0R + RZn(OH) + HQ

Tertiary alcohols may result if the addition products are not

quickly hydrolyzed. The hydrolysis of acyl cyanides, RCOCN,
yields 2-keto acids, and this method has been frequently employed

for the preparation of the lower molecular weight 2-keto acids.

Acyl cyanides may be prepared by the acticm of silver cyanide on

add chlorides, thus:

RCOCl + AgCN RCOCN + AgCl

The following is a description of the aliphatic keto acids con-

taining five or more carbon atoms. Only the straight-chain keto

adds have been considered and they have been grouped according

to the number of carbon atoms in the molecules. Many of the

keto acids, particularly those of high molecular weight, have not

been synthesized, and consequently generalizations with reference

to the effect of the position of the carbonyl group upon the physical

and chemical properties of these acids should not be given too

much consideration.

Ketopentanoic Acids (Ketovaleric Acids)

All three possible ketovaleric acids have been synthesized and

described. 2-Ketovaleric acid, CH3(CH2)2C0C02H, has been

prepared by the hydrolysis of butyryl cyanide, CH3(CH2)2COCN,
which results from the treatment of butyryl chloride with silver

cyanide.^ The acid has also been obtained by the oxidation of

propylfumaric acid with potassium permanganate.^^ It is a color-

less liquid boiling at 179°, and is soluble in water and easily soluble

in benzene, ether, ethanol, and other organic solvents. 3-Keto-

valeric acid, CH3CH2COCH2CO2H, has been prepared by the

action of ethylmagnesium iodide on ethyl cyanoacetate, as fol-

lows: ***

(D QsHfiCMDCHsCN + CsHsMgl C2H502CCH2C:NMgI

A*H6

2Ha
HOH

CiH602CCH2CC*Hb + MgICl + NH4CI

I
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(II) CAOsCCHsCGsHfi

A

HOH
HOsCCHaCOCsHfi + CaHsOH

It has been described as a colorless liquid which boils at 101^.^’

The 4-ketovaleric acid, levulinic add, CH3C0(CH2)2C02H, was
first prepared by the action of dimethylzinc on the add chloride

of the monoethyl ester of sucdnic acid, the reaction being as

follows:

Q6H502C(CH2)2C0C1 + Zn(CH8)2

^DZnCHs
C2Hb02C(CH2)2C^H3

\ci

HOH

C2H502C(CH2)2C0CH8 + ZnCHsOH + HCl
J,HOH

H02C(CH2)2C0CH8

Levulinic acid undergoes enolization and dehydration upon dis-

tillation or treatment with acetic anhydride, yielding a 3,4-un-

saturated lactone, angelica lactone, as follows:

CH8COCH2CH2CO2H CH8C:CHCH2C0

i—

I

The keto acid may be obtained by the hydrolysis of this lactone

either with boiling water or by treatment with barium hydroxide

solution.^*® The hydrolysis of the 4-lactone of 3,4-dihydroxy-

valeric acid has been shown by Fittig to yield levulinic acid,

and Harries has described the preparation of 4-ketovaleric acid

by the oxidation of its corresponding aldehyde. Levulinic acid

is formed by the action of acids upon levulose, cane sugar, cellulose,

and other carbohydrates. It is a solid which melts at 31^.

Ketohexanoic Acids (Ketocaproic Acids)

2-Ketocaproic acid, CH3(CH2)3C0C02H, has been obtained by
the saponification of its ethyl ester.*®* The acid boils at 98° under

14 mm. pressure. 3-Ketocaproic acid, CH3(CH2)2C0CH2C02H,
has been prepared by hydrolysis of the complex formed by the

action of propylmagnesium iodide on cyanoacetic acid.*** It has

also been obtained by the action of alcoholic potassium hydroxide

on 2-hexynoic acid, CH3(CH2)2CiCC02H.**^ Zanetti*** has de-

scribed the preparation of 4-ketocaproic acid, CH3CH2CO(CH2)2
-

CO2H, by the hydrolysis of the corresponding oxime. Fittig **•*"

has reported the synthesis of this acid by the prolonged action of
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water on 3,4-dibrainoosprdic add. 4rKetocaprdc add has been

shown to be one of the products formed when l-methyl-2-ethyl-l>

oydopenten-S-one is oxidized with potasdum permanganate.**^

The add freezes at 32°, and boUs at 183° at 20 nun.*** Its semi-

cubazone freezes at 176°. It is soluble in water and most organic

solvente. 6-Ketocaproic acid, CH3CX)(CH2)3C02H, has been

synthesized by a number of methods. Vorliinder *** and also

Ruzicka*** have reported its preparation by the hydrolytic

deavage of dihydroresorcinol, thus:

HiC

H
C
/ %COH

H2( i:

o
H

IH

HjC

g’

/ \
H2<V

o

CO

k
HOH

IH2

-> CH8COCH2CH2CH2CO2H

The latter author has also prepared 5-ketocaproic acid by the

action of methylenemalonic ester and acetoacetic ester as follows:

CHaC:CHC02C2H5 + H2C:C(C02C2H5)2 H2CCH(C02C2H6)2

A
Diethyl methylene- I

Na midonate CH8C:CC02C2H5
Ethyl flodioaoeto- I

aoetate ONa

H2CCH(C02C2H5)2

CH,C:<!3CO*CsH5

<!)h

HjCCHCCOsCjH*)*

CH8CCHC02C2HB

A
Triethyl 2-ketopentane«

3,5,5-tncarbozylate

CH,COCH,CH,CH,COjH

Its preparation by the oxidation of 4-acetyl-l-butanol has been

described by Lapp.**' It has also been prepared by the oxidation

of l-methyl-l-cyclohexen-S-one,®** l-methylcydopentan-2-one,®**

1-

methyl“5-cyclopentene-2-carboxylic acid,*** l-methyl-2-acetyl-l-

cydopentene,*** l,2-dimethyl-l-cyclohexen-3-one,*" and 1-methyl-

2-

isopropyl-l-cydohexen-3-one.*‘* The partial decompodtion of

2>acetylglutaric add and also the heating of diethyl 2-acetyl-

^utarate with hydrochloric add has been observed to give good

yidds of 5-ketocaproic add.**-*** The add freezes at 13°, and boils

with decompodtion at 274-275°. It boils at 195-200° at 65 mm.,
and at 180° at 20mm. 5-Ketocaproic add is easily soluble in water,

ethanol, ether, and other organic solvents.
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Kbtohbptanoic Acids (Ketoenanthic Acids)

S-Ketoenanthic add, CH8(CH2)8C0CH2C02H, a homolog ci

acetoacetic add, has been prepared by a reaction dmilar to that

used for the synthesis of this latter compound. Wahl and Doll

have obtained 3-ketoenanthic acid by the condensation of ethyl

valerate and ethyl acetate according to the following equations:

Na
C4H«C02C2H5 + CHSCO2C2H6 —> C4H9C:CHC02C2H6 + C2H6OH

/ in
C4H9COCH2C02C2H5 — C4H9COCH2C02H

The reaction of ethyl acetoacetate with n-valeryl chloride followed

by ammonolysis yields 3-ketoenanthic acid as follows:

CH|(XX3H,COjC!jH. + C4H#COa CHrfXX3HCO*C*Hs

C4H,<t:0

C4H#C0CHjC02C2H8 C4H900CH*C!0sH

3-Ketoenanthic add is a colorless liquid which boils at 110-112°

at 16 mm. 4-Ketoenaathic acid, CH3(CH2)2C0(CH2)2C02H, re-

sults from the treatment of the dimethyl ester of butyrylsucdnic

add with hydrochloric acid, thus:

CHrf)*CCH(COC,H7)CH*CO,CH, 52^ CH8(CH*)2C0(CH*)j^!0*H

The acid freezes at 46.7° and is easily soluble in organic solvents.

5-Ketoenanthic acid, CH3CH2C0(CH2)3C02H, has been isolated

as one of the oxidation products of ethylcyclopentane and also

has been obtained by the oxidation of l-ethyl-2-propionyH-

cyclopentene.2" The acid has been prepared by the hydrolysis of

l-methyl-6-ethyl-6-hydroxy-2-piperidone, as follows:

CHa—CO
/ \ HOH

CHa N—CHa > CH3CH2CO(CH2)3C02H + CH3NH2

'^CH2

—

CjHe^ ^OH

The add obtained by the latter procedure melted at 55° and was
soluble in water and organic solvmts. 6-Ketoenanthic add,

CH3C0(CH2)4C02H, has been synthesized by several methods,

one of which is the action of methyldnc iodide on the add chloride

of moncnnethyl adipate.**^ It has been reported to be formed by
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the oxidatimi of l-methylcydohexene with potassium pennan-

ganate^** or of l-methyl-2-<yciohexanone with chromio add.^"

Fidxter and Gully ** have prepared 6-ketoenanthic add from di-

ethyl 2-acetyladipate, and Perkin ^ has reported its formation by

the saponification of 2,5-diacetylvaleric add with alcoholic potas-

dum hydroxide. The add has been obtained by the treatment of

etiiyl 2-acetyl-5-<yanovalerate with hydrochloric add, the reaction

being as follows:

CNCHjCHjCHrfJHCOtCHjCHj -» H02CCHjCH»CHjCHC02H -
io io

^Hj (!:hj

HOjCCH8CH2CH^H2COCH8 + COs

6-Ketoenanthic acid freezes at 31-32° and was reported to be

soluble in water and organic solvents.

Kbtooctanoic Acids (Kbtocaprtuc Acids)

3-Ketocaprylic acid, CH3(CH2)4C0CH2C02H, has been ob-

tained by the treatment of 3-octynoic add with alcoholic potas-

sium hydroxide.*” The add freezes at 73-74° and its semi-

carbazone at 153°. Blaise and Koehler *** have prepared 4-keto-

capiylic acid, CH3(CH2)3C0(CH2)2C02H, by the action of

butylzinc iodide on the add chloride of monoethyl sucdnate. The
add freezes at 53°. 5-Ketocaprylic add, CH3(CH2)2CO(CH2)3-

CO2H, was first obtained by Wolffenstein *** by ring cleavage of the

hemlock alkaloid coniine, C8H17N, the reaction being as follows:

<!;h2

CHj
\

V
CH*

/ \
(30) CH2 CH2

IHC3H7
^ noj: d^OCaHT

^
CH2

i

H

The add freezes at 34° and boils at 280-285°. 6-Eetocaprylic

add, CH3CH2C0(CH2)4C0!2H, has been prepared by the action

of ethylzinc iodide on the add chloride of monoethyl adipate.**^

The add melts at 52°, and boils at 160-161° at 9 mm. pres-

sure. Its semicarbazone freezes at 190°. 7-Eetocaprylic add,

CH8CX)(CH2)bC02H, has been obtained by the oxidation of 1-

metiiylcydoheptene.*** The add has also been prepared by the
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action of potassium hydroxide on ethyl 2,6-diacetylcaproate,

CH2(CXX)H8)(CH2)3CH(C0CH8)C02C2H5.*‘* Its freeang pdnt

has been reported to be 29-30°, which is the lowest among the

ketocapiylic adds. It boils at 184-185° under 15 mm. pressure.

Ketononanoic Acids (Ketofelaboonic Acids)

3-Ketopelargonic add, CH3(CH2)6CC)CH2C02H, has been ob-

tained by the action of alcoholic potasdum hydroxide on 2-nony-

noic add.^’^ The free add is reported to be unstable, decompos-

ing into methyl hexyl ketone and carbon dioxide. Its ethyl ester

has been synthedzed by the reaction of ethyl enanthate with

ethyl acetoacetate in the presence of sodium. Luke§ has ob-

tained 4-ketopdargonic add, CH3(CH2)4C0(CH2)2C02H, by the

action of pentylmagnesium bromide on N-methylsuccinimide, the

reaction bdng as follows:

CH*-CO

CHr-CO

\
/
NCH, -I- CsHuMgBr

CHs—

C

^NCHs -

CHr-C^MgBr

^CsHu

CH*—

C

\0H,^ ,

/ 5%HjS04

CH=<5

CgHix

CH,(CH2)4C0(CH2)*C02H

The add melts at 69°. 7-Ketopelargonic add, CH8CH2C0(CH2)6-
CO2H, has been prepared by Blaise and Koehler by the action of

ethyMnc iodide on the add chloride of monoethyl pimelate. The
add was reported to freeze at 42°.

Ketodecanoic AaDS (Ketocafric Acids)

Only two ketocapiic adds have been described. 4-Ketocapric

add, CH3(CH2)6C0(CH2)2C02H, has been prepared by LukeS^*

by the reaction of hejQrlmagnesiiun bromide with N-methyl-

sucdnimide, the reaction being simUar to that shown for the

preparation of 4-ketopelargonic add. 4-Ketocapric add melts at

70-71°. Blaise and Koehler have described the preparation of
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S^ketooapric acid, CH8CH2CX)(CH2)8C02H, melting at 64^, by

the action of eihylzinc iodide on the acid dbloride of monoethyl

suberate.

Ketoundeganoic Acids

Ethyl 3-ketoundecanoate, CH3(CH2)7C0CH2C02C2H6, has

been prepared by Asahina and Nakayama,^" who reported that

its saponification with 0.5% sodium hydroxide solution results in

the formation of methyl octyl ketone and pelargonic acid. The
oxidation of undecane-1,lO-diol has been shown to yield 10-keto-

undecanoic acid, CH3CO(CH2)8C02H, melting at 68.5-69.5°,

together with the ketone alcohol CH3C0(CH2)8CH20H.“^
Welander*®* first reported the preparation of this acid by the

hydration of 9-undecynoic acid. The acid melted at 49°. Myddle-

ton and Barrett have pointed out that the hydration of 9-un-

decynoic acid produces a mixture consisting of both 9- and 10-

ketoundecanoic acids, and consequently the keto acid reported by
Welander was not a pure compound. These authors prepared a

keto add melting at 59.5° by the hydrolysis of the mercuric acetate

addition product of 9-undecynoic acid. In 1937, Abraham,

Mowat, and Smith ^ separated the 9- and 10-ketoundecanoic

acids resulting from the hydration of 9-undecynoic acid and ob-

tained approximately equal amounts of 9-ketoundecanoic acid,

m.p. 53-55°, and 10-ketoundecanoic acid, m.p. 58-59°. The acids

were separated by taking advantage of the lesser solubility of the

bisulfite addition product of the 10-keto acid in benzene. A mix-

ture of the two acids melts at 43-45°. The semicarbazone of the

10-keto acid melts at 135-136° and of the 9-keto acid at 161°. In

the same year, Sherrill and Smith studied the hydration of

9-undec3nioic acid and reported a yield of 59% of 9-ketoimdecanoic

add and 41% of 10-ketoundecanoic acid, the oxygen atom attach-

ing itself preferentially to the more electro-positive carbon atom.

The preparation of the keto acids by the hydrolysis of the product

obtained by the action of mercuric acetate in acetic acid upon
9-undecynoic add resulted in 46% of the 9-keto acid and 54% of

the 10-keto add, indicating that an electrometric rearrangement

was induced by the presence of the mercuric salts.

Eetododecanoic Acids (Ketolaurzc Acids)

Only a few of the ketolauric adds have been described. 4-

Ketolauric acid, CH3(CH2)7C0(CH2)2C02H, has been prepared
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by the action of alcoholic potassium hydroxide upon 3-dodecynoic

acid.®^’*“ Asano*^^ has described the i^thesis of 9-ketolauric

acid, CH3(CH2)2C0(CH2)7C02H, melting at 50°, by the action

of propylasinc iodide on the acid chloride of monoethyl azelate.

The preparation of 10-ketolauric add, CH3CH2C0(CH2)8C02H,
melting at 72°, by the action of ethylmagnesium bromide on sebadc

bis(diethylainide), (C2H5)2NCO(CH2 )8CON(C2H6)2 ,
has been de-

scribed.®”

Ketotridecanoic Acids

Robinson®^® has obtained 10-ketotridecanoic acid, CH3(CH2)2
-

C0(CH2)8C02H, melting at 63°, by the reaction of ethyl sodio-2-

acetylbutyrate with 9-carbethox3monanoyl chloride. 12-Ketotri-

decanoic acid, CH3CO(CH2)ioC02H, has been prepared by the

oxidation of tridecane-1, 12-diol. It melts at 70-71°, and boils at

185-186° at 1 mm. pressure.

KETOTETRADECANOIC AciDS (KeTOMYRISTIC AcIDS)

Several of the ketomyristic acids have been prepared and their

properties described. Asahina and Nakayama®” have reported

that the saponification of ethyl 3-ketomyristate with sodium

hydroxide solution yields methyl imdecyl ketone together ^th
lauric acid. 4-Ketomyristic acid, CH3(CH2)9C0(CH2)2C02H, has

been synthesized by the hydrolysis of the condensation product of

undecanoyl chloride and the sodium derivative of ethyl acetyl-

succinate, the reaction being as follows:

CH2CO2C2H5 CH2CO2C2H6
i Na 1 3H0H

CH8OCCHCO2C2H6 + C10H21COCI > CH3OCCCO2C2H6 >

c!^1oH21

CH3(CH2)9C0(CH2)2C02H + 2C2H6OH + CH8CO2H + CO2

A 72% yield of 4-ketomyristic acid melting at 87° was obtained.®^®

A 26% yield of 4-ketomyristic acid had been previously reported

by the action of the sodium derivative of ethyl 2-acetylundecanoate

on the acid chloride of monomethyl succinate.®” 13-Ketomyristic

acid has been obtained by Robinson ®” by the hydrolysis of ethyl

2-acetylbra88ylate, which was prepared by the action of ethyl

sodioacetoacetate on ethyl 11-chloroundecanoate, the reacticms in-

volved being as follows:
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CBWJONaiCHCOjCjHft + Cl(CH2)ioC02CiH6
HOH

CiHbOjCCH(CH^io(X)*C2H6 > CH3C0(CH*)iiC02H

Ethyl 2-aoetylbraa8ylate IS-Ketomyristio acid

Ketopentadecanoic Acids

4-Ketopentadecaiioic acid, CH3(CH2)ioCO(CH2)2C02H, has

been obtained by the oxidation of either 4-hydroxy-3,5-dicarboxy-

pentadecanoic acid or its lactone with potassium permanganate.^^

4-Ketopentadecanoic acid melts at 92.6^. Davies and Adams
have prepared 11-ketopentadecanoic acid, CH3(CH2)3CO(CH2)9

-

CO2H, melting at 70-71°, by the oxidation of 11-hydroxypenta-

decanoic acid with chromic acid. 14-Ketopentadecanoic acid,

CH3C0(CH2)i2C02H, has been obtained by the oxidation of

1,14-pentadecanediol by means of chromic acid.^“ The acid melts

at 78.4-79.4°.

Ketohexadecanoic Acids (Ketopalmitic Acids)

Several of the fourteen theoretically possible ketopalmitic acids

have been prepared. 4-Ketopalmitic acid, CH3(CH2)iiCO(CH2 )2
-

CO2H, has been obtained ^ by the action of the sodium derivative

of ethyl 2-acetyltridecanoate on 3-carbomethoxypropionyl chlo-

ride. The acid melted at 91-92° and its oxime at 54°. Robinson

has S3rnthesized 5-ketopalmitic acid, CH3(CH2)ioCO(CH2)3C02H,
melting at 88°, by the action of lauroyl chloride with diethyl sodio-

2-acetylglutarate, as follows:

C2H60jC(CH2)2CC02C2H5 + CuHzsCOCl

iljONa

(!:h,

C11H28

% HO*C(CH*)rf3HrfX)(CH,)i8CH8

d^Hs

The same investigator has also prepared the 7-keto add,

CH3(CH2)8C0(CH2)6C02H, which mel^ at 78°, by the action

of ethyl sodio-2-acetyldecanoate with 6-carbethoxyhexanoyl chlo-

ride, thus:

C»HtOfC(CHt)«(l3CO«CsH(

dx)
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C10C(CHa)6C0*C2H6 + CHs(CH2)7CC02C2Hb

(loNa

iHi

CO1C1H5

(cIhjD*

CO

CHs(CH,)7<1)CO*CsH8 CH,(CH,),CH,C(CH*)8COiH

(Ix)

iIHa

8-

Ketopalmitic acid, CH3(CH2)7C0(CH2i6C02H, melting at 77-

78®, has been prepared in a similar manner from 7-carbethoxy-

heptanoyl chloride and ethyl sodio-2-acetylnonanoate. The prepa-

ration of 8-ketopalniitic acid by the hydration of palmitolic acid

had been described previously by Bodenstein,^* who reported a
freezing point of 74®. The hydration of palmitolic acid actually

yields a mixture of 7-keto- and 8-ketopalmitic acids. In 1926,

Robinson and Robinson ^’4 studied the hydration of various

acetylenic acids such as palmitolic, stearolic, and behenolic acids

with the object of developing generalizations with reference to the

relative proportions of isomeric keto acids formed during this

reaction. Stearolic acid, CH3(CH2)7CiC(CH2)7C02H, contains

the acetylenic bond in the middle of the carbon chain and the

orienting influence is due entirely to the terminal methyl and

carboxyl groups. In considering the general formula RC-CR',
these authors pointed out that the formation of RCOCH2R' is

favored by increasing the length of the hydrocarbon chain R; by
branching of the R group; by introducing groups such as CO2H,

NO2 ,
or Cl into the group R'; or by bringing the carboxyl group

in R' nearer to the acetylenic bond. The hydration of stearolic

acid has been shown to yield more of the 10-keto acid than of the

9-

keto acid, and this ratio is increased in the case of palmitolic acid

since the carboxyl group is nearer to the triple bond. In the case of

behenolic acid the ratio of 14-keto to 13-keto aciduproduced islower

than in the case of either palmitolic or stearolic acid, owing to the

fact that the carboxyl group is more remote from the triple bond.

Fordyce and Johnson*^* have prepared 10-ketopalmitic acid,

CH3(CH2)6C0(CH2)8C02H, which melted at 75.0-76.8®, by the

action of hexylmagnesium bromide on the acid chloride of mono-

methyl sebacate. 11-Ketopalmitic acid, CH3(CH2)4C0(CH2)9-
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CO2H, melting at 74-75®, has been obtained by the oxidation of 11-

hydroxypalmitic acid.®’^ Robinson*^* has obtained 4,13-diketo-

palmitic acid, CH3(CH2)2C0(CH2)8C0(CH2)2C02H, melting at

101®, by the action of 10-ketotridecanoyl chloride on diethyl sodio-

acetylsuccinate.

Ketoheptadecanoic Acids (Ketomargabic Acids)

Only one ketomargaric acid has been described. 9-Keto-

margaric add, CH3(CH2)7C0(CH2)7C02H, which freezes at 78.5®,

has been prepared ^ by the oxidation of 2-hydroxy-2-octylsebacic

acid with potassium permanganate. The acid has also been ob-

tained by the action of potassium hydroxide or sulfuric acid on

the above compound.

KetoOctadecanoic Acids (Ketostearic Acids)

The ketostearic acids have received more attention than any

other group of high molecular wei^t keto acids, and most of our

knowledge of the higher keto acids has been derived from a study

of this group. All the ketostearic acids are insoluble in water and

easily soluble in hot ethanol, ether, and acetic acid. None of the

ketostearic adds is found in the naturally occurring fats and oils,

although they are apparently present in the decomposition prod-

ucts formed by the action of microorganisms on fats,*® and they

have been observed in some of the fatty material obtained by the

alcoholic extraction of fungi. Zellner ^ has obtained a 1% yield

of a ketostearic acid, melting at 86®, by the extraction of Lac-

tarius rufiis. The acid so obtained was designated lactarinic acid

and has since been shown to be 6-ketostearic acid. Ketostearic

acids frequently result from the oxidation of naturally occurring

hydroxy acids; for example, a hydroxystearic acid which melted

at 81-82®, obtained from chicken bile, has been oxidized to yield

a ketostearic acid melting at 83-84®.“®

Asahina and Nakayama®®® have reported that 3-ketostearic

acid, CH3(CH2)i4C0CH2C02H, can be obtained by the saponi-

fication of its ethyl ester. Since saponification of the lower 3-keto

acid esters resuAed in the decomposition of the acids with the

formation of ketones and saturated acids, it is evident that the

3-keto acids become more stable with increase in the length of the

carbon chain. 4-Ketostearic acid, CH3(CH2)i3C0(CH2)2C02H,has
been prepared by the oxidation of the lactone of 4-hydroxystearic

acid with chromic, acid in acetic acid.*®* Brown and Farmer **®
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have obtained 4-ketostearic acid by the hydrogenation of licanic

add in the presence of platinum. The free add freezes at 95^ and
its semicarbazone melts at 126^. Robinson and Robinson have

synthesized 6-ketostearic acid, CH8(CH2)iiC0(CH2)4C02H, by
the action of 5-carbethoxypentanoyl chloride on the sodium deriva-

tive of ethyl 2-acetyltridecanoate. The add melted at S7° and its

oxime at 59-61®, and it was apparently identical with lactarinic

acid. Lactarinic acid, freezing at 87®, has been obtained by the

extraction of dried fungi with hot ethanol, 3nelds of 2 to 3% having

beenreported.**® 7-Ketostearicacid, CH3(CH2)ioCO(CH2)5C02H,
has been prepared by Amaud by the action of concentrated

sulfuric acid on tariric acid (6-OGtadec3moic acid). The acid was
reported to freeze at 75®. The preparation of a mixture of 8-keto-

stearic acid, CH3(CH2)9C0(CH2)6C02H, and 9-ketostearic acid,

CH3(CH2)8C0(CH2)7C02H, by the treatment of 8-octadecynoic

acid with concentrated sulfuric acid, has been reported.*^ The
9-ketostearic acid had been prepared previously by the reduction

of 12-chloro-9-ketostearic acid with zinc and hydrochloric acid.^®^

The acid freezes at 83®. Robinson and Robinson have also

synthesized this acid by the action of the acid chloride of mono-
ethyl azelate on the sodium derivative of ethyl 2-acetyldecanoate.

The hydration of the triple bond of stearolic acid (9-octadecynoic

acid) has been studied by Baruch,® who considered that the reaction

yields essentially 10-ketostearic acid, CH3(CH2)7C0(CH2)8C02H.
The hydration actually yields a mixture of 9-keto- and 10-keto-

stearic acids,* the latter, however, being present in the greater

amount. The hydration of stearolic acid with sulfuric acid has

been studied by Amaud and Postemak.®® 10-Ketostearic acid

has been obtained by the oxidation of 10-hydroxystearic acid with

a mixture of chromic and acetic acids and also by the pyrolysis

of the zinc salt of 9,10-dihydrox3rstearic acid.^®® The condensation

of heptylsodiomalonic ester with 9-carbethoxynonanoyl chloride

results in a small yield of 10-ketostearic acid.**® Better yields of

the keto acid are obtained by the reaction of 9-carbethoxynonanoyl

chloride with ethyl 2-acetylnonanoate. Fordyce and Johnson *^*

have prepared 10-ketostearic add by the action of octylmagnesium

bromide on sebacyl chloride. 10-Ketostearic acid melts at 83®.

King **• has recently described the preparation of 94iydroxy-10-

ketostearic add, melting at 74®, and of 10-hydroxy-9-keto6tearic

add, melting at 75.5®. The semicarbazones melt at 152® and

* For a discussion of the hydration of acetylenic acids see 8-ketopalmitic acid.
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138.5®, respectively. 11-Eetostearic acid, CH8(CH2)6CX)(CH2)9-

CO2H, has been prepared by the oxidation of ll-hydrox3;^tearic

acid and also by the action of sulfuiic acid on 10-octadecynoic

add.*^ Perrotte has obtained 12-ketostearic acid (ricinic acid),

CH8(CH2)6CO(CH2)ioC02H, by the saponification of the corre-

sponding nitrile. This acid had previously been obtained by Per-

rotte by the pyrolysis of barium ricinoleate, the pyrolysis yield-

ing a mixture of methyl hexyl ketone and 12-ketosteariG acid.

The keto add melts at 81®. The formation of this acid assumes

the displacement of the double bond from the 9- to the 11-position

during the reaction. The same investigator has described the

preparation of 12-ketostearic acid, melting at 79-80®, by the oxi-

dation of ethyl 12-hydroxystearate. The latter compound can be

prepared easily by the catalytic hydrogenation of the ethylenic

bond of ethyl ricinoleate.

Licanic Acid

o-Licanic acid, originally supposed to be an isomer of eleostearic

acid,^^ is found in substantial amounts in oiticica oil. The acid

was first described by Wilbom,^®^ who termed it couepic acid,

owing to its supposed occurrence in the seed oil of CoueTpia grandi-

flora. Brown and Fanner have investigated this acid and ob-

served that it 3delds 4-ketostearic acid upon hydrogenation. A
study of the products of oxidation established that a-licanic acid

is 4-keto-9,ll,13-octadecatrienoic acid, CH3(CH2)3(CH:CH)3
-

(CH2)4C0(CH2)2C02H. a-Licanic acid melts at 74-76® and is

converted into its higher-melting isomer, m.p. 99.5®, by treatment

with traces of iodine or sulfur, or by exposure to sunlight, a-

Licanic acid is unusual in that it is the only example of a keto acid

which appears in significant amounts in a seed oil. Since it pos-

sesses a conjugated system of three double bonds, it forms addition

products with maleic anhydride and also undergoes other reac-

tions typical of conjugated imsaturated systems.

Keto Acids Containing More Than Eighteen Carbon Atoms

Only a comparatively few of the many theoretically possible high

molecular weight keto fatty acids have been described. 10-Keto-

nonadecanoic acid, CH3(CH2)8C0(CH2)8C02H, which melts at

86-87®, has been i^thesized by the reaction of ethyl 2-acetyl-

decanoate with 9-carbethoxynonanoyl chloride. Le Sueur and

Withers^ have prepared 13-ketoheneicosanoic acid, CH3(CH2)7
-
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C0(CH2)iiC02H, by the oxidation of 13-hydroxy-13-carbo:Qrhen-

eicosanoic acid. The keto acid freezes at 89-90^ and is easily solu-

ble in chloroform but difficultly soluble in ethanol and ether.

Trans-4-keto-12-heneicosenoic acid has been obtained by the action

of diethyl sodioacetylsuccinate on elaidoyl chloride.^* 4-Keto-

docosanoic acid, CH3(CH2)i7C0(CH2)2C02H, has been prepared

by the oxidation of the lactone of 4-hydroxybehenic acid with

chromic acid in acetic acid solution.^^^ It was reported to freeze at

103^. The hydration of behenolic acid yields 14-ketobehenic acid,

CH3(CH2)7C0(CH2)i2C02H.«^«« This hydration also yields

the isomeric acid, 13-ketobehenic add. 14-Ketobehenic acid

has also been obtained by the action of concentrated sulfuric acid

on 14-chlorobrassidic acid ^ and on 14-chloroenicic acid.*®* The
condensation of the sodium derivative of ethyl 2-acetylbras^late

with stearoyl chloride followed by hydrolysis of the resulting prod-

uct yields 13-ketotriacontanoic acid, CH3(CH2)i6CO(CH2)ii-

CO2H, melting at 104°.*^® This acid was previously described by
Chibnall and coworkers.*®®

PART 4 THE CYCLIC ACIDS AND VARIOUS SYNTHETIC ACIDS

POSSESSING BACTERICIDAL ACTIVITY

Three cyclic acids, chaulmoogric acid (C18H32O2), hydnocarpic

acid (C16H28O2), and gorlic acid (C18H30O2), have been separated

from the natural oils and definitely identified. The tropical plants

from which these seed oils are obtained belong to the family

Flacourtiaceae, comprising the various hydnocarpus species from

which oils such as chaulmoogra oil, lukrabo oil, and gorli seed oil

are procured. Chaulmoogra oil is the best known and most im-

portant member of this group, having long been a subject of in-

tensive medical and scientific interest. The use of chaulmoogra

oil as a specific for the treatment of leprosy originated many cen-

turies ago with the Chinese. Chaulmoogra and similar oils, to-

gether with the simple derivatives of the acids contained therein,

have been, for generations, the only effective substances against

this deadly disease. Thus, it is not surprising that the acids

occurring in these oils, the cyclic acids, have been the subject of

many chemical and biological studies. These investigations have

not only been concerned with the isolation and structures of the

naturally occurring cyclic acids, but have also included the syn-
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thesis of other closely rdated acids in an endeavor to correlate

bactericidal activity with chemical structure. In any considerar

tion of the cyclic adds it should^ therefore, be borne in mind
that their medical background transcends all other considerations.

The naturally occurring cyclic acids are characterized by the

presence of a terminal cyclopentene group and possess the following

general formula:
CHji

C?Hs ^CHRCX)*H

<!3H==<!;H

It has been conclusively proved that the cyclic acids pres-

ent in chaulmoogra and allied oils are responsible for their curative

properties. It has been shown by Dean and coworkers that

these curative properties are likewise possessed by the ethyl esters

of chaulmoogra oil fatty acids. The sodium salts of these cyclic

acids have also been extensively investigated.^ Chaulmoogric

acid and its derivatives are somewhat toxic and can be adminis-

tered orally only in small amounts.*®® Although chaulmoogra oil

has been known for many centuries, it was not until 1904 that a

systematic study was made of the fatty acids contained in it.

Between the years 1904 and 1907 Power and associates reported

the results of their investigations of chaulmoogric and hydnocarpic

acids, and although these studies led to a somewhat erroneous

conclusion regarding the actual structures, they can be said tc

have formed the basis of our present-day knowledge of these sub

stances. Chaulmoogric acid, which is optically active ([a]i

+ 62.1°), was found to have the formula C18H32O2 and to yiek

an optically inactive dihydrochaulmoogric acid upon reduction

Oxidation with potassium permanganate yields two dihydroxy

dihydrochaulmoogric acids to which the following formulas wer
assigned:

CHOH—CHOH

^CH(CH,)uCX),H

CHr-CH»^
[a]jy + 11.6®. m.p. 106®

CHOH—CHa

^COH(CH.)ijCO.H

CH.—CHi^
Hd - 14.2» m.11. 93®

Further oxidation yields a hydroxy keto add:

CHOH—CO
\

t CH*
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This latter add was further oxidized to 4-carboxyheptadecanedioic

acid, H02CCH2CH2CH(C02H)(CH2)i2C02H, 4-ketoheptadec.

anedioic acid, H02CCH2CH2CO(CH2)i2C02H, tetradecanedioic

acid, H02C(CH2)i2C02H, and tridecanedioic add, H02C(CH2)ii-
CO2H. Chaulmoogric acid adds one molecule of hydrogen bro-

mide, the removal of which by alcoholic potassium hydroxide yields

an isochaulmoogric acid containing some chaulmoogric add.

Power has observed that the isochaulmoogric acid gives 3-methyl-

4-ketoheptadecanedioic acid upon oxidation and postulated the

following series of reactions:

CH:

H*

::;h

iH(CH2)i2C02Hi
HBr

CHa Br
1 i KOH
CH—C(CH2)i2C02H >

CH, CH,

<!3H—C(CH2)i,COrfI (*;H—CO(CH,)i,CO,H

^Hr-JliH <!;Hr-COrfI

On the basis of these observatioxfe it was considered that chaul-

moogric acid is a tautomeric substance which possesses the struc-

ture (I) and that its homolog, hydnocarpic acid, has a similar

structure (II).

9?

2 CH2

(CHzliaCXlaH (CHslioCOaH

(I) (R)

These structures were accepted for many years and have been

used to interpret many of the reactions of these acids. It is quite

interesting to note that chaulmoogric and hydnocarpic acids con-

tain eighteen and sixteen carbon atoms respectively, which further

emphasizes the preponderance of acids of these chain lengths in

the natural oils. In 1925, Shriner and Adams ^ reported the re-

sults of an extensive investigation upon the structure of chaul-

moogric acid and stated that the keto acid obtained by the oxida-

tion of isochaulmoogric acid is 5-keto6ctadecanedioic acid,

H02C(CH2)3C0(CH2)i2C02H, and not 3-methyl-4-ketohepta-

decanedioic acid as postulated by Power and associates. The

tautomeric formula assumed by these latter authors was, therefore,

no longsr tGii&bIc, sjid chaulmoogric acid was as^gned the struc^
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ture Its homolog, .hydnocarpic add, has the structure (IV).

CH=*CH
\
CH(CH,)uCOiH

CH==CH
\

CH»-C]

CH(CH2)ioCOtH

ail) av)

Shriner and Adams assumed the keto dicarboxylic acid to result

from the following series of reactions:

CH=CH
\ HBr
CH(CHs)i2C02H >

Chaulmoogno add

CH=

Ih^

CHj—CHBr
\ KOH
CH(CH2)i2C02H >

CHr-C^,
Bromohydrochaulmoogric acid

CHt—CH
% KMn04
C(CH2)i2C02H > H02CCH2CH2CH2C0(CH2)i2C02H

CHj—
Laodiaulmoogric add 5-Ketooctadecanedioic acid

Racemic chaulmoogric acid was synthesized in 1927 by Perkins

and Cruz by the condensation of acetoacetic ester with 11-

cyanoundecanoic acid, CN(CH2)ioC02H, followed by reaction of

the resulting product with 3-chloro-l-cyclopentene. This resulted

in a compound of the following structure:

CH=CH
\

COCH,

CH—(!)—CX)(CH^ioCN

CHy-C^, (!)0*C4H5

This compound gives the keto acid C5H7CH2CO(CH2)ioC02H
upon hydrolysis, the reduction of which yields dt-chaulmoogric acid.

A number of attempts have been made to prepare racemic chaul-

moogric acid from the naturally occurring d-diaulmoogric acid;

however, this was not accomplished until 1933. In this year,

Hinegardner ^ reported that an optically inactive chaulmoogro-

nitrile is obtained when the d-amide, prepared from the natural

add, is distilled in the presence of phosphoric anhydride. The
hydrolysis of this nitrile gave the optically inactive acid. The
nitrile obtained from d-chaulmoogramide by treatment with

thionyl chloride was found to be optically active ([a]D + 55.2°).

However, when this nitrile was distilled in the presence of phos-

phoric anhydride the racemic nitrile resulted. The mechanism of

this raoemization is not known, although Hinegardner postulated
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the foimation and subsequent breakdown €t a weak addition

product. It was also observed that the optically inactive chaul-

mpogric acid yields a crystalline derivative with brucine, which

suggests the possibility that 2-chaulmoogric acid could be obtained.

The synthesis of chaulmoogric acid from hydnocarpic add has been

accomplished by Stanley and Adams. The reduction of ethyl

hydnocarpate (62 143-144°, df 0.9087, 1.4602, [ah 70.6°)

yielded hydnocarpyl alcohol (m.p. 23°, 62 144-146°, 0.8022,

nl) 1.4709, [a]D 76.2°), which was converted into the correi^onding

bromide and thence to diethyl hydnocaipylmalonate. The hydrol-

ysis and partial decarboxylation of this latter compound gave

hydnocarpylacetic acid, which is identical with the naturally

occurring chaulmoogric add.

Both chaulmoogric and hydnocazpic acids can easily be obtained

from chaulmoogra oil by saponification, addification, and separa-

tion of the acid mixture. Shriner and Adams ^ separated the

saponification mixture into three fractions by vacuum distillation:

the first, largely hydnocarpic acid; the second, a eutectic mixture

which was refractionated; and the third, essentially chaulmoogric

acid. Repeated ciystallizations of the first fraction from petroleum

ether gave pure hydnocarpic acid which melted at 69-60° and was
optically active, [a]D 68.3°. Crystallization of the third fraction

from ethanol gave chaulmoogric acid, m.p. 68-68.6°, [a]D 62.4°.

The separation of chaulmoogric and hydnocarpic acids from

chaulmoogra oil fatty acids by fractionation of the mixed acids

under a high vacuum followed by crystallizations has also been

described by Hashimoto.*^^ Both chaulmoogric and hydnocarpic

acids turn yellow upon prolonged exposure to light, the resulting

change being attended by a diminution in specific rotation and a

lowering of the melting point.

The hydrogenation of chaulmoogric and hydnocarpic acids pro-

ceeds smoothly in the presence of platinum and palladium to give

the optically inactive dihydro derivatives. Shriner and Adan^^
have recommended a platinum-platinum oxide catalyst for this

hydrogenation. The dihydro adds may also be obtained by the

reduction of the ethylenic acids with zinc and ethanol or by reduc-

tion with phosphorus and hydriodic acid, the latter of which

methods also results in the formation of the hydrocarbon chaul-

moogrene, C18H34, as a by-product. The reduction of chaulmoogric

a.cid by means of sodium and ethanol yields chaulmoogryl alcohol

together with chaulmoogryl chaulmoograte. Both dihydrochaul-
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moogric add (ISn^dopentyltridecanoic add) and dihydro-

hydnocaipic add (ll-<7dopen1yluiidecaDoic add) have been pre-

pared synthetkiaUy by Ndler and Adams *** and have been found

to be identical with the compounds obtained by the hydrogenation

ci the naturally occurring adds. Dihydrochaulmoogric add melts

at 70-71*’ and its homolog dihydrohydnocarpic add melts at 63-

GS-S**. The treatment of chaulmoc^c acid with hydrogen bro-

mide in glacial acetic add yidds the optically inactive hydrogen

bromide addition product, bromodihydrochaulmoogric acid, melt-

ing at 36-38°. The dehydrobrominalion of bromodihydrochaul-

moogric acid forms isochaulmoogric add together with some

chaulmoogric add, the latter being observed to be optically active.

Several adds other than chaulmoogric and hydnocarpic adds

have been reported to occur in chaulmoogra and similar oils, and

the identity of one of these, gorlic add, has been de6nitely estab-

lished. The presence in chaulmoogra oil of a liquid cyclic add
more unsaturated than chaulmoogric add was first suggested by
the work of Dean, Wrenshall, and Fujimoto.*^* The add gave

dihydrochaulmoogric add upon hydrogenation, and it was con-

sidered to be similar to chaulmoogric acid with the exception that

it contains a double bond in the side chain. Andr4 and Jouatte

separated an apparently similar acid, to which they gave the name
gorlic add, from Oncdba echinata oil (gorli seed oil), and Paget

later obtained this add from C. brasihensis and observed that it

yidded adipic add and 4-carboxyundecanedioic add upon oxida-

tion, thus establishing its structure as 13-(2-<yclopentenyl)-6-

tridecenoic add,

CH=CH
^CH(CHj)«CH=CH(CH*)«CO*H

CHr-C!^j

Godic add has recently been studied by Cole and Cardoso,*^* who
succeeded in separating the pure add from gorli seed oil fatty

adds by the removal of the solid adds by low-temperature solvent

crystallization followed by fractional distillation of the ethyl esters

of the liquid fatty adds. The following physical constants were

reported for this add: m.p. 6°, b.p. 232.5?, ^ 0.9436, 1.4782,

and fa^ + 60.7°. The methyl and ethyl esters boil at 209° and
214° at 10 nun., respectivdy.
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In view of the great interest which has centered around the

bactericidal properties of the naturally occurring cyclic acids and

their various derivatives, a large number of cyclic acids have been

ssmtherazed in an attempt to emulate the properties of the natural

acids. This endeavor not only has resulted in the preparation and

study of many cyclic acids but also has served to increase greatly

our knowledge of the relationship which exists between Ibe chem-

ical structure and bactericidal activity of fatty acids, particularly

towards B. leprae. Adams and coworkers have described the

preparation and properties of an impoong number of cyclic acids

and have investigated their bactericidal action in vitro upon B.

leprae. No study of the cyclic acids would be cc»nplete without

specific reference to these accomplishments. The in vitro results

obtained by these investigators have indicated that many of the

synthetic acids possess bactericidal activities comparable to those

of the natural acids when tested against B. leprae. However, the

actual value of these compounds as curative agents against the

disease itself will require many years of clinical evaluation.

One of the obvious steps in the correlation of chemical consti-

tution with bactericidal action against B. leprae was the investiga-

tion of the homologs of the natural cyclic acids, chaulmoogric and

hydnocarpic acids. Sacks and Adams have prepared homo-

chaulmo(^c acid,

CH==CH

'^CH(CHj)uCX>*H

and homohydnocarpic acid,

CH=CH

%H(CHs)uCX>jH

CHr-Cil2

by the reduction of ethyl chaulmoograte and ethyl hydnocarpate

to the corresponding alcohols, which were converted through the

bromides to the nitriles, the hydrolysis of which yielded acids con-

taining one more carbon atom than the original acids. Homo-
chaulmoogric acid melts at 66-67° with [ajo +54°, whereas homo-

hydnocarpic acid melts at 56-57° with [ajo +56.7°. It is rather
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suipiiBing that neither of these acklB was rqrarted to be effective

against B. leprae. In the same year, Van Dyke and Adams ***

synthesised diaulmoogrylacetic add,

CH=CH
\h(CHi)uCHsCO*H

CHr-C^»

melting at 72-73^, by the condensation of chaulmoogryl bromide

with diethyl malonate. A series of 2-cyclopentenyl-2-alkylacetic

acids of the general formula

CH=CH
^CHCH(CO*H)R

CHr-C^j

in whidi the R group varied from pentyl to nonyl, has been syn-

thesised by Arvin and Adams,*" and the acids have been tested

against B. leprae. The bactericidal activity of this series increased

from pentyl to nonyl. The following physical constants were

reported: (R, h°C., no, df*) CsHu, 14^145 (5 mm.), 1.4659,

0.9629; CeHis, 160-165 (5 mm.), 1.4671, 0.9673; C7H16 ,
162-165

(4 mm.), 1.4683, 0.9499; CgHiT, 170-173 (4 mm.), 1.4687, 0.9452;

CgHig, 173-176 (3 mm.), 1.4690, 0.9436. The synthesis of 2-

cydopentenylacetic acid by the condensation of diethyl malonate

with 2-cyclopentenyl chloride has been described by Noller and

Adama*" The add boils at 94r-95° at 3 mm. and has no 1.4682

and 1.0519.

Since Dean, Wrenshall, and Fujimoto *" and also Schobl ***

have shown that ethyl dihydrochaulmoograte is nearly as effective

as ethyl chaulmoograte itself in the treatment of leprosy, it is

evident that the presence of an ethylenic bond in the (^clopentene

ring is not a prerequisite for curative action. As a consequence of

this observation, Adams and associates eynthesized several series

of (^dic adds possessing cydobutyl, cydopentyl, and cydohexyl

groups, and evaluated thdr bacteriddsJ activity against B. leprae.

Hiers and Adams *** prepared cyclohes^ltridecanoic sund by the

ctmdensation of cydohexylmagnedum bromide with methyl 13-

aldotridecanoate followed by the reduction of the resulting

13-cyclohesyl-13-hydraxytridecan(nc add, the reacticms being as

follows:
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CHj-CHt
\C^

NjHj—CH,^

CHMgBr + CHO(CHi)uCOjCHt

CH,-CH,
\

C^t
\ ' /
CH»-CH,

CHCH(OH)(CH^uCOjH

CH,—CH*

^CHr-CH*^

CH(CHs)uCOiH

The lower homolog cyclohexylimdecanoic acid was prepared in

a similar manner. 13-CycIohe3^1tridecanoic and 11-cyclohexyl-

undecanoic acids melted at 63-64° and 58-59°, respectively, and
were found to be effective against B. leprae. These authors subse-

quently reported the preparation by the malonic acid method
of a series of a9-cyclohexyl-substituted fatty acids of the general

formula R(CH2)nC02H, where R represents a cyclohexyl group

and n is one to twelve. The following physical constants were

reported: (n, n^, df) 1, 2»-30, 116-117, 1.4537, 1.0020;

2, 15-16, 125-126, 1.4553, 0.9848; 3, 29-30, 132-134, 1.4562,

0.9693; 4, 6-8, 151-153, 1.4570, 0.9589; 5, 33-34, 157-158, 1.4580,

0.9506; 6, 25-26, 171-172, 1.4588, 0.9436; 7, 37-38, 182-183,

1.4598, 0.9359; 8, 45.5-46.5; 9, 52.5-53.5; 10, 58-h59; 11, 61.5-62;

12, 63-64. Those containing from three to nine carbon atoms in

the side chain were reported to possess bactericidal activity. The
investigations of the synthetic acids have been extended to a

number of cyclopropyl, cyclobutyl, cyclopentyl, and cyclohexyl

alkylacetic acids. Yohe and Adams have prepared a series of

cyclopentyl alkylacetic acids of the general formula

CHr-CHj

^CHCH(CX)»H)R

CH*—C^j

and a series of (^clopentylethyl alkylacetic acids of the general

formula
CHi—CH,

^CH(CH,),CH(C<Wa)R

CHr-C^j
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The followinis physical constants were reported for the cyclopentyl

alhylacetic adds: (R,b°C.,ii*°C.,nD><^) CyHu, 155-160 (1.4 nun.),

—
, 1.4504, 0.9312; CaRn, 16fr-169 (2 nun.), —

, 1.4609, 0.9279;

CgHia, 177-178.5 (1.4 mm.), 37-37.5; CioHai, 189-190.5 (1.7

mm.), 34.5-36; C11H23,
193-197 (1.3 mm.), 43.5r45.5. The phys-

ical constants of the cyclopentylethyl alkylacetiic acids were re-

ported to be as follows: (R, 6°C., n^, c^) H, fl5-118 (2.4 mm.),

1.4575, 0.9849; CaHs, 122-124.5 (1.3 mm.), 1.4950, 0.9602; CgHy,

130-132 (1.9 mm.), 1.4595, 0.9533; C4Hfl, 136-137 (1 mm.), 1.4608,

0.9435; CsHu, 150-154 (1.9 mm.), 1.4610, 0.9360; CeHis, 157-161

(1.9 mm.), 1.4616, 0.9303; C7H1S, 167-169 (2 mm.), 1.4621,

0.9252; CgHiy, 173-176 (1.5 mm.), 1.4629, 0.9210. Cyclohexyl-

n-valeric acid and cyclopentyl-n-valeric acid have been i^thesized

by Katsnel’son and associates. The cyclohexyl alkylacetic

acids, C6HiiCH(C02H)R, and cyclohexylmethyl alkylacetic acids,

C6HiiCH2CH(C02H)R, have been described by Adams, Stanley,

and Steams. The cyclohexyl alkylacetic acids were reported to

have the following physical constants: (R, b°C., n^, <^°) CsHxi,

136-139 (3 mm.), 1.4640, 0.9544; CeHia, 145-149 (3 mm.), 1.4641,

0.9449; C7H16,
148-152 (2 mm.), 1.4641, 0.9350; C8H17,

158-161

(2 mm.), 1.4642, 0.9298; C9H19,
167-171 (3 mm.), 1.4645, 0.9245;

C10H21 ,
165-169 (2 mm.), 1.4649, 0.9224; CuHas, 173-177 (2

mm.), 1.4650, 0.9166; C12H2S, 187-191 (2 mm.), 1.4653, 0.9129.

The following physical constants were observed for the cyclo-

hexylmethyl alkylacetic acids: (R, 6°C., no, <^) C2H5,
131-132

(2 mm.), 1.4623, 0.9814; C3H7 ,
141-143 (4.5 mm.), 1.4628, 0.9720;

C4H9,
133-136 (3 mm.), 1.4620, 0.9564; C5H11 ,

139-142 (2 mm.),

1.4630, 0.9516; CaHia, 174-175 (3 mm.), 1.4627, 0.9448; C7H16,

202-204 (3 mm.), 1.4632, 0.9393; C8H17,
186-190 (4 mm.), 1.4640,

0.9331. A study of the bactericidal activity of these cyclopentyl

and cyclohexyl acids indicated that there was no essential differ-

ence between the two series when members of equal molecular

weight were compared. The highest activity was exhibited by
those acids containing sixteen and eighteen carbon atoms, the

lower and higher homologs showing very markedly reduced, if

any, bactericidal properties. The conclusion that the bactericidal

action of these acids is independent of the number of carbon atoms

in the cyclic group was further strengthened by a study of the

cyclopropylmethyl alkylacetic acids, C8H6CH2CH(C02H)R. In

this series also, no activity was evidenced until at least sbcteen

carbon atoms were present in the molecule. The cyclopropyl-
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methyl alkylacetic acids were prepared by Arvin and Adams ***

and were observed to have the fdlowing physical constants:

(R, b°C., n^, <^) CfiHn, 112-116 (1.4 mm.), 1.4469, 0.9375;

CeHis, 130-132 (1.8 mm.), 1.4498, 0.9253 ;C7Hi5, 136-139 (2 mm.),

1.4509, 0.9236; CgHiy, 146-149 (2.1 mm.), 1.4529, 0.9142; C9H19,

162-164 (2.3 mm.), 1.4545, 0.9105; C10H21 ,
176-178 (2.7 mm.),

1.4553, 0.9064; (R,to°C.) CuHas, 27-28; C12H28, 29-30; C14H29,

35-37. The cyclobutylmethyl alkylacetic acids containing raxteen

and eighteen carbon atoms were likewise found to be the most
effective of their series against B. leprae and to be ccnnparable to

the other <^clio-substituted acetic acids of equal molecular wdght.

The physical constants of the cyclobutylmethyl alkylacetic acids

as reported by Ford and Adams are as follows: (R, b°C., no,

4*) CgHn, 150-152 (2 mm.), 1.4615, 0.9154; CgHw, 177-181

(3.5 mm.), 1.4622, 0.9124; CioHgi, 176-179 (2.7 mm.), 1.4628,

0.9095; C11H28 ,
188-192 (2.5 mm.), 1.4635, 0.9080; C12H25,

204-205 (2.5 mm.), 1.4642, 0.9046. It had been previously shown
by Adams and others that the portion of the carboxyl group

in the cyclic acids is of secondary importance as regards bactericidal

activity toward B. leprae. This was shown by a comparison of

the bactericidal properties of various ci>-cyclohexylalkyl alkylacetic

acids, the results indicating that the activity is a function ctf the

molecular weight of the cyclic acid rather than of its structure.

Three series of cyclohexylalkyl alkylacetic acids were prepared;

namely, /9-cyclohexylethyl, 7-cyclohexylpropyl, and 5-cyclohexyl-

butyl alkylacetic acids. The acids were obtained from w-cydo-

hexylalkyl alkylmalonates prepared by the condensation of

(i>-cyclohexylalkyl bromides with the sodium derivatives of the

diethyl alkylmalonates. The physical constants which were re-

ported for these various acids are as follows: (R, &°C., n^,

/3-cyclohexylethyl alkylacetic acids [C6Hii(CH2)2CH(C02H)R],
C2H5,

121-124 (3 mm.), 1.4613, 0.9619; C3H7,
122-125 (2 mm.),

1.4623, 0.9486; C4H9 ,
139-142 (4 mm.), 1.4624, 0.9410; CgHu,

182-185 (5 mm.), 1.4626, 0.9350; CgHig, 174r-177 (2 mm.), 1.4628,

0.9285; C7H1S, 182-185 (2 mm.), 1.4631, 0.9222; CgHi7,
193-196

(4 mm.), 1.4640, 0.9193; 7-cyclohe:^lpropyl alkylacetic adds

[C6Hii(CH2)3CH(C02H)R], C2H6,
146-147 (2 mm.), 1.4622,

0.9509; C3H7 ,
148-150 (2 mm.), 1.4627, 0.9419; C4H9,

153-154

(2 mm.), 1.4630, 0.9317; CsHn, 188-192 (5 mm.), 1.4634, 0.9266;

C6H13 ,
208-211 (8 mm.), 1.4638, 0.9221; C7H16, 199-203 (2 mm.),

1.4642, 0.9137; 5-cyclohejorlbutyl all^lacetic acids [CgHii(CH3)4-
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GH(00sH)R], C3H5, 173-175 (3 mm.), 1.4622, 0.9447; CsH?,

156-158 (1 mm.), 1.4627, 0.9408; C4H9, 173-180 <4 mm.), 1.4631,

0.9300; CsHu, 207-209 (8 mm.), 1.4633, 0.9254; CeHis, 187-189

(1 mm.), 1.46%, 0.9191. Several di(cyclohexyIaU7l)acetic acids

have beaa ^ynthesiced by Davies and Adams and have been

investigated for bactericidal activity, in vitro, against B. leprae.

Hie results obtained showed that the pres^ce of a second ring

in tile acid molecule does not increase its effectiveness. The
di(oHydohmylalkyl)acetic adds have the following general

formula:

CHt

C^ ^CH—(CHJ,—CH—(CH,),-

dx)sH

CHt

CH»
\,

-CH CHt

d;Hi d:Ht

^CHt^

The following physical constants were reported: (x, y, &®C., m°C.,

no, 0, 2, 182-186 (4 mm.), —
, 1.4852, 0.9915; 1, 2, 207-208

(5 mm.), 50-51,—
,
—

; 2, 2, 210-213 (1.5 mm.), 73-76,—,
—

; 2, 3,

2ia-214 (3 mm.), 46.5-47, —
,
—

; 3, 3, 216-218 (3 mm.), 42.5-45,

—
,
—

; 2, 4, 221-223 (4 mm.),—, 1.4831, 0.9647.

Since the many observations which were made upon the bacteri-

cidal properties of the i^thetic cyclic adds indicated that there

was no essential difference between acids containing three-, four-,

five-, or six-membered rings, the suppositions that a ring structure

is a prerequisite for bacteriddal activity against JB. fepme became

open to question. On the other hand, it has been conclusively

shown that molecular weight is an important consideration and

that only those acids containing dxteen or eighteen carbon atoms

possess dedded bactericidal activity. These conclusions led

Stanley, Jay, and Adams to £f3mthesize and evaluate a series of

octadecanoic and hexadecanoic acids in which the carboxyl group

varied from a terminal to a center position. The results obtained

indicated that a ring structure is unnecessary for bactericidal

activity, but that the activity is dependent upon the particular

ccmfiguration of the acid and, as had previously been shown, upon
its molecular weight. Acids containing a terminal carboxyl group

were not effective, in vUro, against B. lepraej and the greatest

activity was obtained when the carboxyl group was attached

dther at or near the middle carbon atom of the chain. The hexa-
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TABLE I

OCTADECANOIC AciDB

Acid M.P.,®C. Wd

CH«CH(CO|H)CuHti 34-35 179-183 (5 mm.)
CtH6GH(COsH)Ci4Ha9 23-24 167-170 (2.5 mm.) 1.4531 0.8767

C*H7CH(COiH)Ci8H27 31-32 179-183 (5 mm.) .... ....

C4H»CH(CX)2H)CuH2b 23-24 180-184 (4 mm.) 1.4528 0.8743

CfiHuCH(OOiH)CuH» 180-185 (4 mm.) 1.4519 0.8829

C6HmCH(COiH)CioH2i 182-184 (5 mm.) 1.4527 0.8741

C7HibCH(C02H)C9Hi9 . . • 180-183 (5 mm.) 1.4528 0.8747

C8Hi7CH(CO»H)C8Hi7 35-36 183-185 (5 mm.)
(CH8)2CHCH(C02H)Ci8H27 58r-59 178-182 (5 mm.)
(CH8)2CHCH2CH(C02H)Ci2H26 26-27 175-180 (4 mm.)
C*HsCH(CH,)CH(CO,H)Ci,H28 38-39 178-183 (6 mm.)
C8H7C3H(CH,)CH{COrfI)CuH*8 37-38 175-178 (5 mm.)

TABLE II

Hexadecanoic Acids

Acid M.P.,®C. B.P.,®C. •.26wd

CH8CH(C02H)Ci8H27 24 172-173 (2.5 mm.) 1.4453 0.8765

C2H6CH(C02H)Ci2H25 23 178-179 (3 mm.) 1.4460 0.8808

C8H7CH(C02H)CiiH28 16.5-17 178-179 (3 mm.) 1.4460 0.8808

C4H9CH(CX)2H)CioH21 13-14 175-176 (3 mm.) 1.4458 0.8789

C6HiiCH(C02H)C9Hi9 9-10 178-179 (3 mm.) 1.4518 0.8887

C6Hi8CH(C02H)C8Hi7 165-168 (2 mm.) 1.4495 0.8768

C7HifiCH(C02H)C7Hi5 26-27 187-189 (4 mm.) 1.4497 0.8771

(CH8)2CHCH2CH(C02H)CioH2i 17.5-18 187-188 (9 mm.) 1.4448 0.8763

C2H6CH(CH8)CH(C02H)CioH2i 38-39 185-186 (9 mm.) ....

octadecanoic acids. Table I shows the physical properties of the

various octadecanoic acids and Table II of the hexadecanoic acids,

as reported by Stanley, Jay, and Adams. The supposition that

acids which contain sixteen or eighteen carbon atoms possess the

highest bactericidal activity against B, leprae has been further sub-

stantiated by the work of Armendt and Adams and also of Greer

and Adams. The former prepared and tested several dialkyl-

acetic acids containing twelve, thirteen, and fourteen carbon atoms,

and the latter prepared and tested a series of pentadecanoic,

heptadecanoic, and nonadecanoic acids. The results showed that

the dodecanoic acids possessed no bactericidal activity against

B. leprae whereas the tri- and tetradecanoic acids were only veiy

slightly effective. The pentadecanoic and heptadecanoic adds

were not so effective as the previoudy studied hexadecanoic adds.
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The noiiadecanoic acids were less active than the octadecanoic

adds. These results, therefore, were in complete agreement with

previous condusions. Tables III to VI list the physical constants

of the dialkylacetic acids, the pentadecanoic adds, the hepta-

decanoic acids, and the nonadecanoic acids which were synthe-

sised and investigated by these authors.

TABLE III

Acid

C6HiiCH(COaH)C6Hu
C4H9CH(C02H)C6Hu
C4H9CH(CO«H)C7Hi6
C6HiiCH(C02H)C6Hu
C4H9CH(C02H)C8Hi7
C6HiiCH(C02H)C7Hib
C6HiaCH(COiH)CcHi3

Acid

CH8CH(C02H)Ci2H25
C*H6CH(C02H)CiiH28
C8H7CH(C02H)CioH21
C4H9CH(C02H)C9Hi9
CbHiiCH(C02H)C8Hi7
C8HisCH(C02H)C7Hi5

Add
CH8CH(C02H)Ci4H29
C2H5CH(C02H)Ci8H27
C8H7CH(C02H)Ci2H25
C4H9CH(C02H)CiiH28
CbHiiCH(C02H)CioH2i
C6HisCH(C02H)C9Hi9
C7HibCH(C08H)C8Hi7

Add
CsH7CH(C02H)Ci4H29
CU9iiCH(C02H)Ci2H26
C7HuCH(C02H)CioH2i

Dialkylacetic Acids

B.P.,®C.

141-143 (4 mm.)
134-135 (4 mm.)

148-

149 (3 mm.)

149-

150 (4 mm

)

160-161 (4 mm.)
155 5-157 (4 mm

)

159-160 (4 mm

)

TABLE IV

Pentadecanoic Acids

B.P.,®C.

172-175 (2-3 mm)

160-

163 (2-3 mm.)
164r-167 (2-3 mm.)
159-162 (2-3 mm.)

161-

164 (2-3 mm.)
156-159 (1-2 mm.)

TABLE V

Heftadecanoic Acids

B.P.,®C.

174^177 (1-2 mm.)
164-168 (1-2 mm.)

183-

187 (2. 5-3. 5 mm.)
174r-177 (2-3 mm.)
177-182 (2-3 mm.)
182-185 (2-3 mm.)

184-

187 (2-3 mm.)

TABLE VI

Nonadecanoic Acids

B.P.,®C.

182-185 (0.5-1. 5 mm.)
184-188 (0.5-1. 5 mm.)
180-184 (0.5-1. 5 mm.)

4® riD

0.8900 1.4381

0.8945 1.4391

0.8911 1.4409

0.8850 1.4410

0.8873 1.4435

0.8900 1 4430

0.8895 1.4421

4“ •>20
flu

m.p. 34-36

0.8821 1.4455

0.8819 1 4450

0 8824 1.4459

0.8806 1.4450

m.p. 45.5-47.5

0.8810 1.4480

0.8827 1.4483

0.8783 1.4484

0.8821 1.4489

0.8780 1.4483

4® •>20
flj}

m.p. 35-37

0.8752 1.4508

m.p.31.5-33.5
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The influence of an ethylenic linkage upon the bacteriddal

activity d the substituted acetic acids has been investigated by
Browning, Woodrow, and Adams.*** The activity of these acids

was diown to be similar to that of the saturated adds ci equal

molecular weight, thus indicating that the presence of a double

bond in the hydrocarbon chain has little effect on the action of

sudi adds upon B. lefprae. Three series of adds were prepared

and investigated during this study; namely, undecenyl alkylacetic

adds, a,|9-unsaturated dialkylacetic adds, and allyl alkylacetic

adds. The physical constants which were reported are diown in

Tables VII, VIII, and IX.

TABLE VII

UnDECENTL AlKTIiACETIC Acidb

Acid J20 •.20njy

CiiH2iCH(C02H)C4H9 175-180 (3 mm.) 0.8929 1.4566

CiiH2iCH(C02H)C6Hii 186-190 (3 mm.) 0 8956 1.4575

CuH2iCH(C02H)C6Hi3 200-204 (3 mm.) 0.8915 1.4564

CuH2iCH(C02H)C7Hi5 205-209 (5 mm.) 0 8870 1.4572

TABLE VIII

a,/3-UNSATUKATED D1AI.KTI.ACETIC AciDS

Add B.P.,'C. ng
C4H«C(COtH)CHCsH7 121-123 (2 mm.) 0 9456 1.4484

CrHuCCCOtHlCHCeHu 180-182 (2 mm.) 0.8993 1.4566

CgHi7C(COiH)CHC7Hie 185-186 (1 mm.) 0.8983 1.4625

TABLE IX

Allyl Alkylacetic Acids

Acid B..P.,®C.
«20Wd

C8H6CH(C02H)C9Hi9 14&-150 (3 mm.) 0.9015 1.4510

C8H6CH(C02H)CioH21 149-151 (1-1.5 mm.) 0.8989 1.4520

C8HbCH(C02H)CiiH28 167-169 (4 mm.) 0.8953 1.4530

C8HbCH(C02H)Ci2H26 164r-166 (1-2 mm.) 0.8933 1.4540

C«H5CH(C02H)Ci8H27 179-183 (2.5 mm.) 0.8879 1.4556

C8H5CH(C02H)Ci4H29 187-188 (2.5 mm.) 0.8865 1.4538

The large number of acids which have been prepared and evalur

ated for bacteriddal activity against B. leprae have not only

thrown some light upon the reasons for the particular effectiveness
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of the naturally occurring adds but have also done mudi to develop

g^eralisatiws regarding the relationdiip which exists between

bactericidal activity and chemical structure.

PART 5 THE SATURATED DICARBOXYLIG ACIDS

The saturated dicarboxylic adds conform to the general formula

(CH2)«(C02H)2. This series of acids is frequently referred to as

the oxalic acid series. The adds are much more soluble in water

than the corre^onding monocarboxylic acids; however, the lower

member^ possess quite limited solubilities in many organic sol-

vents. Thdr solubility in water decreases rapidly with increase

in molecular weight, and the h^er members show many of the

characteristics of the high molecular weight monocarboxylic acids.

Owing to the presence of two carboxyl groups in the molecule, the

dicarboxylic acids form two series of salts, esters, or other deriva^

lives, depending upon whether one or both of the carboxyl groups

is saponified, esterified, or otherwise modified. The dicarboxylic

acids are, therefore, excellent i^thetic agents and have been

employed for the preparation of many types of fatty derivatives.

It is quite unfortunate that no large natural source or satisfactory

commercial synthesis has been developed for the higher members
of this series. The dicarboxylic adds are of exceptional interest

in the preparation of high molecular weight condensation products,

linear polymers, and other materials having plastic properties.

Much of the progress which has been made in recent years in the

synthetic plastic and textile fields has revolved around these di-

carboxylic acids and their simple derivatives. A number of the

reaction products of the dicarboxylic acids are discussed in some
detail in a later chapter, and this present writing is, therefore, con-

fined to a description of these acids together with their occurrence,

methods of preparation, and intramolecular reactions.

like the members of most other add series, the various dibasic

acids are best known by their common names, and althou^ such

names reveal nothing concerning the structures of the various

acids, their use will imdoubtedly be continued. Several alternate

methods of nomenclature have been employed in the chemical

literature for these acids, and this situation has led to some con-

fusion and uncertainty regarding the particular acid to which

reference is made. In the present accepted method of nomen-
clature, the carbon atom of the carboxyl group is considered as

part of the chain, and the acid is named according to the niunber



INTRODUCTION

of carbon atoma in this diain. Unfortunately, this system was
not emplc^ed in the earlier chemical literature, the older method
being to designate the number ot methylene groups present. For
example, suberic acid is the common name of the dicarboxylic acid

having the formula (CH2)6(C02H)2. The name suberic acid is

derived from suberose, meaning corklike, and probably refers to

the fact that suberic acid is one of the products formed by the

action of nitric acid upon cork. The approved name for this acid

is octanedioic acid, showing that it contains eight carbon atoms.

The name which will frequently be encountered in the earlier

chemical literature is hexamethylene-l,6-dicarboxylic add, which

indicates a chain of six methylene groups to which are attached

two carboxyl groups in terminal positions. Table X shows tiie

common names, formulas, and scientific names of sojne of the more
important saturated dicarboxylic acids.

TABLE X
Common and Scientific Names of Dicabboxtlic Acidb

Common
Name Formula Scientific Names

Oxalic (C(Ws Ethanedioic

Malonic * CH*(CO*H)* Propanedioic

Succinic (CH,),(CX)2H), Butanedioic

Glutaric (CH*),(CO,H), Pentanedioic Trimethylene-1,3-dicar-

boxylic

Adipic (CH*)4(COsH)* Hexanedioic Tetramethylene-l,4-dicar-

boxyhc

Pimelic (CHiD6(CO,H)» Heptanedioic Pentamethylene-l,5-di-

carboxyhc

Suberic (CHs)#(CO^)s Octanedioic Hexamethylene-l,6-dicar-

boxylic

Azelaic (CH^tCCOjH)* Nonanedioic Heptamethylene-l,7-dicar-

boxylic

Sebacic (CHd8(CO*H), Decanedioic Octamethylene-l,S-dicar-

boxylic

Brassylic (CH,)u(CX),H), Tridecanedioic Undecamethylene-1,11-

dicarboxyhc

Thapsic (CH,)i4(COrfI)* Hexadecanedioic Tetradecamethylene-

1 ,14-dicarboxylic

Japanic (CHi)i9(COiH)s Heneicosanedioic Nonadecamethylene-
1,19-dicarboxylic

The saturated dicarboxylic acids are crystalline solids which can

be distilled under a high vacuum without imdergoing extensive

decomnosition. In common with the saturated monobasic acids.
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the dicarboxylic acids exhibit an alternation in melting points and

other physical properties in their solid states. Fairweather has

reported that if the melting points are plotted as ordinates and the

number of carbon atoms as abscissas, members containing an even

number of carbon atoms lie on a curve with a downward slope and

those containing an odd number of carbon atoms on a rising curve.

Little difference in melting points is observed between members
having twenty or more carbon atoms, the curves for the even and

odd members being within a few degrees of each other at this point.

Thus, in the even series butanedioic acid melts at 185^, hexanedioic

add at 153^, octanedioic acid at 145^, decanedioic acid at 133®,

dodecanedioic add at 129®, tetradecanedioic acid at 126.5®,

hexadecanedioic add at 125®, and octadecanedioic acid at 124®.

In the odd series pentanedioic acid melts at 97.5®; heptanedioic

acid at 105.7®, nonanedioic acid at 107®, imdecanedioic acid and

tridecanedioic acid at 113.5®, pentadecanedioic' acid at 114.8®,

heptadecanedioic acid at 118®, and nonadecanedioic acid at 119.2®.

The first member of the odd group, propanedioic acid, is an excep-

tion to this generalization since it melts at 132®. The alternation

is not observed with the diesters of these acids, Fairweather

having observed that the melting points of the diethyl esters of

acids containing from seven to thirty-two carbon atoms, lie on an
ascending curve. In a study of the relative stability of the dibasic

acids, Challenor and Thorpe have called attention to the

tendency of the even acids to lose an even number of carbon atoms

upon oxidation, whereas the odd acids lose an odd number of

carbon atoms, the products in both cases being even acids. The
saturated dicarboxylic acids exhibit polymorphism and are capable

of existing in both stable and unstable forms. This dimorphism

has been studied by la Tour,®** Caspari,®*® and others, who have
observed that in azelaic acid the transition jS —> a occurs at 74-75®

and that the difference in lattice energy is small. The differences

in melting points were stated to be too small to be detected by
ordinary procedures. Several x-ray investigations, which are dis-

cussed in a subsequent chapter, have been made upon the poly-

morphic forms of these acids. The boiling points of the dicarbox-

ylic acids increase with increase in the number of carbon atoms.

Krafft and Noerdlinger ®" have reported the boiling points at 10,

15, 50, and 100 mm. to be as follows: adipic acid, 205.5®, 216.5®,

244.6®, 265®; pimeUc acid, 212®, 223®, 251.5®, 272®; suberic acid,

219.6®, 230®, 258.6®, 279®; azelaic add, 226.6®, 237®, 265®, 286.5®;

and sebacic add, 232®, 243.6®, 273®, 294.6®.
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The hi^er molecular weight dicarboxylic adds do not occur

abimdantly in nature. The lower molecular weight dibasic acids,

however, are of somewhat more frequent occurrence, having been

observed in a number of plant juices. Oxalic acid occurs as its

potassium add salt in wood sorrel, as its calcium salt in rhubarb

root and several other plants; malonic acid is present in beet roots

as the calcium salt, and succinic acid has been stated to occur in

grapes, amber, and various plant resins. Lippmann has re-

ported the presence of adipic acid in beet juice and thapsic acid

has been observed in the dried roots of Thapsia garganica.^

Azelaic acid has been reported to occur in small amounts in linseed

oil and has been identified in the product obtained by the

hydrolysis of the fatty material of mold i^ores.*^ Azelaic acid is

one of the products resulting from the oxidation of keratin

and has been shown by Nicolet and Liddle to be formed during

the spontaneous oxidation of fats. Several investigators have re-

ported the presence of azelaic acid in naturally occurring fatty

mixtures. However, since it is one of the products formed during

the oxidative cleavage of most of the naturally occurring fatty

acids, these observations require confirmation. That atmospheric

oxidation can result in the cleavage of unsaturated fatty acids with

the formation of dibasic acids is illustrated by the observation of

Banks and Hilditch that specimens of ointments removed from

Egyptian tombs after 5000 years contained large amounts of

azelaic acid. High molecular weight dicarboxylic acids occur in

various plant waxes, notably Japan wax. This wax, the principal

component of which is palmitic acid, has been observed to contain

from 5 to 7% of high molecular weight dibasic acids such as

heneicosanedioic acid, docosanedioic acid, and tricosanedioic

Since palmitic acid is the principal acid

of Japan wax, Schaal ®®® has postulated that the high molecular

weight dicarboxylic acids are intermediates in its formation in

the various plants from whidi Japan wax is obtained. Tsuji-

moto ®®® has reported the presence of high molecular weight

dibasic acids in sumach berry waxes, and it is highly probable that

many other plant waxes contain small amounts of such acids.

The question as to whether the dicarboxylic acids are inter-

mediates in the metabolism of certain fatty acids is a subject of

considerable interest which has not, as yet, been conclusively

settled. Many investigators believe that the dicarboxylic acids

are involved in the metabolism of the imsaturated and the shorter-

nlinm antnmt^ nrids while others hold a contrarv opinion. It is
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known that the low molecular wdig^t dicarboxylic adds, oxalic

and malonic, are exceedingly toxic. The administration oi oxalic

acid produces hypocalcemia, and the add also functions as a
powerful local irritant.*^ The higher molecular weight dicarbox-

ylic acids, however, are either oxidized in the body or excreted

unchanged in the urine. Biological oxidation of the monocar-

boxylic adds is known to occur at the fi carbon atom with the

removal of successive pairs of carbon atoms. Flaschentrager and
Bernhard have studied the fate of numerous glycerides, salts,

and methyl and ethyl esters of individual fatty acids and have

stated that saturated acids containing from eight to eleven carbon

atoms imdergo, in addition to /S-oxidation, a small amount of

(o-oxidation with the formation of dicarboxylic adds. w-Oxidation,

however, is not observed with those higher molecular weight fatty

acids which contain twelve or more carbon atoms. Since few

edible fats contain significant amounts of short-chain saturated

adds, dicarboxylic acids evidently do not play a major role in

ordinary fat metabolism. The higher molecular weight dicarbox-

ylic acids when administered in small amounts are excreted largely

imchanged, only a small proportion undergoing jS-oxidation. The
presence of azelaic add has been observed in the urine of humans
following the administration of tripelargonin and tricaprin.’^*

Verkade and coworkers have made an extensive study of the

biological oxidation of low molecular weight fatty adds and have

expressed the opinion that such acids undergo some initial co-

oxidation with the formation of dicarboxylic adds and then

undergo /9-oxidation at one or both ends of the molecule. Only

small amounts of dicarboxylic adds were found in the urine of

dogs after the feeding of triglycerides of ahort-chain fatty acids.

Significant amoimts of the porter-chain dicarboxylic acids were

present in the urine after the injection of the disodium salts of

dibasic acids. Sucdnic, adipic, suberic, azelaic, sebadc, and octa-

decanedioic adds have been observed to be oxidized oxybiotically

by sections of liver and kidney; glutaric acid, however, was im-

affected.*^ Fats such as elm seed oil, which contain large amounts

of the shorter-chain saturated adds, are stated to be objectionable

as foods since they cause addosis owing to the formation of

dicarboxylic acids by cu-oxidation.^^ It diould be borne in mind,

however, that the short-chain acids themsdves may be responsible

for this effect. Bernhard and Andreae ^ have fed C4 , Ce, Cg,

and Cio dicarboxylic adds to both humans and dogs, reporting
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that whereas the C4 acids were completely oxidised large amounts
of the others appeared in the urine imchanged, thus indicating

that the dicarboxylic adds are not intermediates in fat metabo-

lism. The laige amount of conflicting evidence concerning the

role of the dibasic acids in the metabolism of the shorter-chain

adds certainly does not warrant any specific generalizations, and
much additional work is required before the function of the

dibasic adds can be evaluated.

A number of general methods are available for the synthesis of

the dicarboxylic acids. Several of these are adaptable to the 1^-
thesis of any member of the series although others are limited to

the preparation of specific acids. The malonic add s3nithesis has

been frequently used for their preparation. For example, azelaic

acid may be i^thesized by the reaction of pentamethylene di-

bromide with diethyl sodiomalonate, followed by the partial

decarboxylation of the resulting tetracarboxylic acid.^* Dicar-

boxylic acids can be prepared by Holbe’s electrolytic method,

which involves the electrolysis between platinum electrodes of a
concentrated aqueous solution of the half ester of a lower dicar-

boxylic acid. Thus ethyl sucdnate is obtained by the electrolysis

of potassium ethyl malonate as follows: ^

2(C2H602CCH2C00) — C2H602C(CH2)2C02C2H6 + 2CO2

Adipic acid has been prepared from succinic acid, sebacic acid

from adipic add, and octadecanedioic acid from sebacic acid by
this method. When acids of different chain lengths are electro-

lyzed, a mixture of dicarboxylic acids is obtained. For example,

the electrolysis of a mixture of potassium ethyl malonate and

potassium ethyl suberate yields diethyl azelate, diethyl succinate,

and diethyl tetradecanedioate.^ This electrolytic method, there-

fore, can be employed for the synthesis of any member of the

dicarboxylic add series above malonic acid. The hydrolysis of

the corresponding dinitriles yields dicarboxylic acids, which pro-

vides a method for the preparation of dibasic acids from lower

dibasic acids by the following series of reactions:

R(CX)2H)2 — R(CH20H)2 R(CH2Br)2 R(CH2CN)2 R(CE^^2

The dinitriles may be prepared by the action of potassium cyanide

on a,(tf-dihalohydrocarb(His. Dibadc acids are frequently obtained

by tlie hydrolysis of a)-cyano acids which can be prepared from

w-hydroxy acids. The w-hydroxy acids are generally obtained by
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the partial reduction of dicarboxylic adds or their derivatives.

Dibasic acids containing one more carbon atom than the starting

acid may be i^thesized by this procedure. Dibasic acids can

also be prepared from terminally unsaturated acids by halohydro-

genation to the co-halo acid, followed by conversion to the nitrile

and hydrolysis to the corresponding acid. Dodecanedioic acid

has been prepared from 10-undecenoic acid by the application of

this method.^ Dibasic acids result from the oxidation of the

corresponding glycols. The oxidative cleavage of unsaturated

fatty acids results in the formation of both mono- and dicarboxylic

acids. Thus, azelaic acid may be obtained by the decomposition

of oleic acid ozonide,^^ or by the oxidation of oleic acid with

chromic acid, potassium permanganate, nitric acid, or other

oxidizing agents. Both suberic and azelaic acids result from the

oxidation of ricinoleic acid with nitric acid or potassium

permanganate.*^ The oxidation of ricinoleic. acid with nitric acid

has also been reported to yield substantial amounts of pimelic

acid.”^ The particular dicarboxylic acid obtained by the oxida-

tion of a specific ethylenic acid or hydroxy acid frequently depends

upon the oxidizing agent used and the conditions employed. Var-

iations may be occasioned by a shift in the position of the ethyl-

enic bond during the reaction or by secondary oxidations. Fre-

quently the oxidative cleavage of unsaturated acids yields two or

more dicarboxylic acids in addition to several monocarboxylic

acids.

The procedures for the synthesis of the dicarboxylic acids which

have so far been discussed are applicable, with a few exceptions,

to any member of the series. A number of methods for the prepa-

ration of specific dicarboxylic acids have been described in the

literature, several of these procedures being of considerable aca-

demic interest and also of potential industrial importance. The
s3mthesis of adipic acid by the oxidation of cyclohexanol, cyclo-

hexanone, and related compoimds falls in this latter category.

The preparation of adipic acid has been extensively studied and

large amounts of this acid have been prepared by these various

methods. A convenient method for the preparation of pimelic

acid is its [^thesis from piperidine.®^ Treatment of the benzoyl

derivative of piperidine with phosphorus pentachloride yields

1,5-dichloropentane, which is converted to the dinitrile and hy-

drolyzed to pimelic add, as iohows:
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CHj—CHj

^CH2—CHa^

CCeHa
PQi

CHa-OHr-a

CHa—CHr -N=C—CaHfi

h\

CHa—CHa--Cl

-f CeHsCN

CHa-CHa—Cl

CHa—CHr-Ci CHa—CHa—CN

^CHt—CHi-a CHj—CH»-CN

CH,-CH,-CO,H

C^t

^CHr-CHt—COjH

The oxidation of various natural products has been observed to

yield dibasic acids. For example, oxalic acid is obtained by the

oxidation of carbohydrates with nitric acid or by the fusion of

cellulose with alkalies. Suberic acid is obtained by the action of

nitric acid on cork. Such processes are frequently used for the

commercial preparation of speci&c dibasic acids.

Anhydride and ketone formation with the dicarboxylic acids

presents a more complicated problem than with the monocarbox-

ylic acids. Anhydride formation in the monobasic acids simply

involves the loss of a molecule of water from two acid molecules,

which results in the formation of either simple or mixed acid

anhydrides. Ketone formation with the monocarboxylic acids

takes place with the loss of carbon dioxide and water from two
molecules of acids. Owing to the polyfunctional nature of the

dicarboxylic acids, anhydride formation may produce linear poly-

mers, some of which have been shown to be of quite high molecular

weight, or it may result in cyclic anhydrides which incorporate

one or more of the acid molecules into the ring structure. The

studies of Hill and Carothers upon anhydride formation with the

dicarboxylic acids and upon the fonnation and stability of large

rings, combined with the previous work of Ruzicka upon the

fonnation of cyclic ketones from the dibasic acids, are classical

examples of scientific investigations.
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Ketones are formed fitxn the dicarboxylic acids by heating the

acids in the presence of catalytic materials such as iron filings;

by decomposition of the calcium, thorium, or other alkaline earth

or rare earth salts of the acids; by passing the acid vapors over

metallic oxides; or by heating the acids themselves. The methods

used for the preparation of ketones from the dibasic acids are,

therefore, similar in principle to those employed for the formation

of ketones from the monobasic acids. With the dibasic acids,

however, ketone formation is attended by a veiy marked degree

of cyclization. The amount of cyclic ketone obtained is dependent

upon the specific dibasic acid and, to a very great extent, upon the

reaction conditions. The cyclic ketones fonned from the dicar-

boxylic adds are of two types: monoketones resulting from an

intramolecular cyclization (I) and cyclic ketones formed by the

condensation of two molecules of add (II), as shown in the fol-

lowing equations:

CH2

CO

CHjCOjH CH2COCHj
J, I \
(CH,), - (CH,). (CHri,

^HtCO^ CHjCOC^s
II

Ruzicka and coworkers have stated that on the basis of their

relative ease of formation carbon rings may be arranged in three

classes: 5- and 6-membered rings, 4- and 7-membered rings, and
8- and higher-membered rings. The 5- and 6-membered rings are

characterized by their ease of formation and stability. Cyclo-

pentanone results from the dry distillation of the calcium salt

or the barium salt ^ of adipic acid. It is also formed by heating

adipic acid in the presence of metallic oxides such as manganous
oxide, thorium oxide,”* or barium oxide,*’* or in the presence of

various salts *** or other catalysts.**^ Asdian *” has claimed the

formation of (yclopentahone by heating adipic acid in the presence

of carbon dioxide. Cyclohexanone results from the dry distilla-

tion of the caldum salt of pimelic acid,*** cyclodctanone is pre-

pared from azelaic acid,*®** **^ ******* and the dry distillation of

calcium suberate yields cyclononanone (suberone). *”**** Harries

and Tank *** have stated that the dry distillation of calcium

azelate yields a mixture of cyclic ketones. The preparation of

cyclic ketones by the heating of dibasic acids in the presence of

metallic catalysts has been patented.*** The catalytic process was
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observed to give yields of <^dop^tanone from adipic add;
however, Ihe results were not satisfactory for the pr^uiration of

cydcnuHianone.*'* Vogd,*** on the other hand, has reported a 40%
yidd of suberone when submc add is heated with an equal w^ht
of iron filings mixed with 5% of barium oxide. This latter author

expressed the opinicHi that ketone formation takes place in two
stages; namdy, anhydride formatirm and the loss of carbon di-

oxide, thus:

—CO2

An alternate mechanism is as follows:

CHaCHjCHrf^OjH _h,o CHjCHjsCHsCi

:H2CH2CHsCQ8H SHaCHsCHjiCCK

CHtCH^nijCOjH _HK) CHrf3H,CHCOjH _co, CH*CH,CH,v^^

d^HiCHjCHiOOjH
*' ^

The intermediate formation of iron soap affords another possible

mechanism.

The preparation of cyclic ketones by the dry distillation of the

thorium, cerium, yttrium, or other rare earth salts of the dibasic

acids has been extensively investigated.”®’®®'®®* Ruzicka and

coworkers have described the preparation and properties of cyclic

ketones containing a large number of carbon atoms in the rings.

The decomposition of the thorium salts gave cyclic ketones, the

yields decreasing as the number of carbon atoms in the ring in-

creases from nine to seventeen.®®® Higher yields were obtained,

however, for ketones containing eighteen or more carbon atoms.

The 3deld of cyclic ketones of nine or more carbon atoms is quite

small, being about 1.5% for the 9-membered ketone, 0.1-0.2% for

the 10-membered ketone, and so on. All the cyclic ketones which

contain twelve or more carbon atoms are solids which resemble

camphor in api>earance; the odor of the 10- to 12-membered ke-

tones is quite Gdmilar to that of camphor, the 13-membered ketone

has a cedar wood odor, and those containing from 14 to 18 carbon

atoms have a musklike odor. Cycloheptadecanone is identical

with dihydrocivetone, the formula for civetone having been previ-

ously ascertained to be CH2(CH2)6CH :CH(CH2)7CO» The

following physical constants have been reported for the cyclic

ketones which contain from 10 to 18 carbon atoms: Cio, 5i2 100-

102®; Cii, 612 110®; C12, m.p. 69®, 612 126-128®; Cia, m.p. 32®,

612 137-139®; Ci4, m.p. 62®, 612 155-156®; Cis, m.p. 63®, bo.8 120®;
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Ci6, ixi.p- 66®, &0.6 138®
j Ci7, m.p. 63®, 60.3 140®

^ and Cig, m.p. 71®,

60.3 157-169®. The yield of cyclic ketone is dependent to a large

extent upon the particular salt decomposed. Ruzicka and Brug-

ger ^ have reported a 10% yield of cyclononanone by the distilla-

tion of calcium azelate, whereas the cerium, zirconium, and lead

salts yielded 10, 2, and 2%, respectively. Much higher yields of

cyclic ketones were obtained with the lower dibasic acids,

although the yields were largely dependent upon the particular

salt pyrolyzed. The copper salt of adipic acid gave 43% of

cyclopentanone, the lead salt 35%, and the thallium salt 15%.
The thallium salt of pimelic acid gave 75-80% of cyclohexanone,

and the thallium or cerium salt of suberic acid yielded 45% of

cycloheptanone. The formation of a cyclic diketone has been

observed by Ruzicka, Stoll, and Schinz ^ during the pyrolysis

of the yttrimn salt of dodecanedioic acid, the amount of diketone

formed, however, being less than that of the monomeric cyclic

ketone. Several other high molecular weight dibasic acids yield

small amoimts of diketones together with monomeric ketones upon

the dry distillation of their salts. The pyrolysis of the cerium salt

of tetracosanedioic acid, (CH2)22(C02H)2, has been observed to

yield 2% of cyclotricosanone, no C46 ketone being foraied.®** It

must be borne in mind that the yields obtained during the forma-

tion of cyclic ketones from the high molecular weight dibasic acids

are exceedingly low, which indicates that reactions other than

cyclization must take place. A further study of these products

should throw light upon the actual mechanism of these decomposi-

tions.

Anhydride formation involving the dicarboxylic acids results

in the formation either of linear polymers of high molecular weight

or of cyclic compoimds containing one or more structural units.

The possibility that the dicarboxylic acids can form cyclic mono-
meric anhydrides was probably first suggested by Anschutz

during his study of the action of acetyl chloride on dibasic acids.

Anhydride formation results when the dibasic acids are treated

with dehydrating agents such as acetyl chloride or acetic anhydride.

All the cyclic anhydrides of the dibasic acids containing from

three to ten carbon atoms are known, and of these acids only

succinic and glutaric form monomeric anhydrides.^ These two

adds form monomeric rings containing five and six atoms respec-

tively. Adipic anhydride, which was prepared by Voerman and

later by Farmer and Kracovski,^ was subsequently shown by
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Hill to be polymeric. The monomer melts at 22^ and the dimer

at 81-85°. Sebadc anhydride has been diown to b^ a linear

polymer of high molecular weight.^ Monomeric anhydrides can

be distinguished from polymeric anhydrides by their behavior

with aniline.^ The monomer when treated with this reagent

yields only the monoanilide; however, the polymer gives a mixture

of the dianilide, the monoanilide, and the dibasic acid in the ratio

1, 2, 1. The preparation of pimelic anhydride by heating the acid

with acetic anhydride has been described."® In a study of an-

hydride formaticm with those dibasic acids which contain from

seven to eighteen carbon atoms, Hill and Carothers have shown
that the action of acetic anhydride or of acetyl chloride on these

acids first forms linear polymers (a-anhydrides) whose structure is

represented by —O—CO—R—CO—O—CO—R—CO—O—CO

—

R—CO—. These polymers have molecular weights from 3000 to

5000. Distillation under a high vacuum produces the so-called

jS-, 7-, and ci)-anhydrides according to the following diagram:

o(-Anhydride, linear polymer, — /3-Anhydride (distillate),

mol. wt. ca. 5000 cyclic monomer or dimer

1 it
ci>-Anhydride, super pol;ptier, Y-Anhydnde, hnear polymer
veiy high molecular weight (similar to a-anhydnde)

These authors state that the a- and y-anhydrides are practically

identical in physical properties, the latter probably being com-

posed of very large rings whereas the former possess a chain

structure. Adipic acid yields a monomeric /3-anhydride containing

seven atoms in the ring. Monomeric /3-anhydrides are also en-

countered with pimelic, azelaic, undecanedioic, brassylic, tetra-

decanedioic, and octadecanedioic acids. Adipic /3-anhydride poly-

merizes completely after heating at 100° for seven hours. The

8-, 10-, and 12-membered rings are extremely unstable. The 14-

membered ring is more stable than the 8-, 10-, or 12-membered

ring, and the 15- and 19-membered rings are comparatively stable.

Suberic, sebacic, and dodecanedioic acids, on the other hand, form

only dimeric anhydrides which contain 18, 22, and 26 atoms in

the rings, and these anhydrides are stable up to their melting

points. The melting points reported for the a-anhydrides as given

by these authors are as follows: pimelic, 53-55°; suberic, 65-66°;

azelaic, 53-53.5°; undecanedioic, 69-70°; dodecanedioic, 86-87°;

brassylic, 76-78°; tetradecanedioic, 89-91°; octadecanedioic, 94-

95°. The ph3rsical constants of the cyclic anhydrides as reported

by Hill and Carothers are shown in Table XI.
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TABLE XI

Cyclic Anhtdbides

Product of

Structural Unit Depolsrmeruation and

Add of Anhydndfi Sue of Ring Stability M.P.

Adipio -0C(CH,)4C0-0— Monomer 7 Unstable 20

Pundio —OC(CHdiCO—0— Monomer 8 Extremely unstable Liq.

Subene -OC(CH,)6CO—O— Dimer 18 Stable up to m.p. 56.7

Aidaic —OC(CHi)7CO—O— Monomer 10 Extremely unstable Liq

Sebaae -0C(CH2)8C0-0— Dimer 22 Stable up to m.p. 68

Undecanedioio —0C(CH2)9C0-0— Monomer 12 Extremely unstable Liq.

Dodecanedioio —OC(CHi)ioCO-0— Dimer 26 Stable up to m p. 76-78

BnuByho —OC(CH2)uCO—0— Monomer 14 Unstable Liq.

Tetradeoanedioie —OC(CH2)i2CO—O— Monomer 15 Unstable Liq.

Ootadeoanedioic —OC(CH2)hCO—O— Monomer 10 Unstable 86-87

The cyclic anhydrides differ from the cyclic ketones in that the

anhydrides form either monomers or dimers but not mixtures of

the two. Those containing nine or more carbon atoms possess

odors qualitatively similar to the cyclic ketones, the 15-membered

anhydride having the (xlor of musk.^^ The fact that large rings

may exist m a strainless form has been suggested by Mohr.^ In

their discussion of the mechanism of formation and the stability

of large rings, Carothers and Hill ^ have stated that the formar

tion of macrocyclic ketones involves the preliminary formation

of a linear polyketone which is subsequently decomposed into cyclic

ketones. The mechanism of cyclic ketone formation, therefore,

is probably similar to that involved in anhydride formation. It

had previously been assumed that cyclic ketone formation was
entirely an intramolecular reaction.

The following contains a description of the preparation and

properties of the saturated dicarboxylic acids containing six or

more carbon atoms.

Hexanedioic Add {Adipic Acid). {CH^^{C02JI)2

Adipic acid has been prepared by the saponification of 1,4-

dicyanobutane, which can be obtained by the action of potassium

cyanide on 1,4-dibromo- or 1,4-diiodobutane."®*"^ The acid has

been obtained by the treatment of S-iodopropionic acid with

metallic sUver^ or metallic copper."* Brown and Walker **^ have

described the preparation of adipic acid by the electrolysis of

potasrium ethyl succinate. Adipic acid is one of the products

formed by the oxidation of castor oil with nitric acid."^ The
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preparation of adipic add by the oxidation of various (^dohexane

and cydohexene derivatives has be^ extensivdy investigated and

offers a ccHnmercial source of this add. Mannich first announced

the synthesis of adipic add by the oxidation of cydohexenyl ace*

tate Trith potaadum permanganate in alkaline solution, and two
months later Rosenlew described the preparation of adipic add
by the oxidation of cydohexanone under dmilar conditions. The
oxidation of dther cyclohexanol or cyclohexanone with alkaline

potasdum permanganate has been studied by several investi-

gators.^^’^^’*^* The oxidation of cyclohexanol or of cydohexanone

with nitric add, which was first studied by Zelinsky has proved

to be a satisfactory method for the lynthesis of adipic add and

has frequently berai employed. The various methods

have been the subject of several patents.^*" Directions for

the oxidation of (yclohexanol with nitric acid in the presence of

ammonium vanadate have been published by Ellis.^ More
recently, Foster has introduced certain modificatimis and has

reported yields as high as 72% of the theoretical. The preparation

of adipic acid by the oxidation of cyclohexene with solutions of

potassium dichromate in the presence of sulfuric add has been

described,"’ and in 1940 Aronow "* patented a continuous method

for the preparation of adipic add by the oxidation of cyclohexanol

with nitric acid. The formation of adipic acid by the oxidation of

6-membered carbon rings simply involves a ring cleavage with

the oxidation of two adjacent carbon atoms to carboxyl groups,

the oxidation dther being initiated at an ethylenic linkage or

upon a substituted carbon atom. For example, the oxidation of

cyclohexanol proceeds as follows:

CH, CHr-CO*H

'^CHOH (40)

(Ijh, (!;h*
^

(!:h*

^CHt^ ^CHr-COiH

The oxidation of cyclohexanone may take place thus:

CH* CH* CH*

^C=0 c4t ^C-OH (80) CiC COsH

dni djH*
^

dfi* (SiH

*

(Ijh* cq*h

^H*'^ ^CH*'^ '^CH*'^
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The intermediate products of these oxidations have not been iso-

lated. Harries and coworkers have investigated the prepara-

tion of cyclohexene ozonide and its decomposition into adipic add.

Adipic acid melts at 153.0-153.1^^ and has the following

boiling points: 610 205.5®, bu 216.5®, 650 244.5®, and 6100 265®.»"

It is easily soluble in ethanol; 1.44 parts dissolve in 100 parts of

water at 15®, and 0.605 part dissolves in 100 parts of ether at 19®.

Heptanedioic Add {Pimelic Add). {CH2)bip02H)2

Pimelic acid has been obtained by the saponification of the corre-

sponding nitrile and by the action of carbon dioxide on pentar

methylene-1,5-dimagnesium dibromide.^" Carpenter and Perkin

have prepared pimelic acid by the action of the sodium derivative

of cyanoacetic ester and trimethylene dibromide followed by the

saponification of the resulting product. The acid has also been

prepared by the oxidation of 7-aminoenanthic acid and by the

malonic acid method.^*^ Gantter and HeU have observed that

pimelic acid is one of the products formed during the oxidation of

ridnoleic acid. A 60% yield of pimelic acid has been obtained

by V. Braun ^ by the action of phosphorus pentachloride or penta-

bromide on the benzoyl derivative of piperidine, followed by con-

version of the resulting 1,5-dihalopentane to the dinitrile and

saponification of this latter compound.

Pimelic acid melts at 105.7-105.8® and has the following

boiling points: &io 212®, 615 223®, 650 251.5®, and 6100 272®.*^ The
acid is soluble in water to the extent of 2.52 parts in 100 parts at

13.5®. It is easily soluble in ethanol and ether and almost insolu-

ble in cold benzene.

Ocianedioic Add {Svberic Add). {CH2)%{!002H)2

Suberic acid derives its name from the fact that it is one of the

products of the action of nitric acid on cork. It is also obtained,

along with azelaic acid, in the oxidation of castor oil with nitric

acid,®®®*^®* and has been reported to be contained in the oxidation

products of several other fats and oils.®®®’®" It has been separated

from azelaic acid by virtue of the greater water solubility of its

calcium or magnesium salt.®®®*®*® Suberic acid has been prepared

by the electrolysis of potassium ethyl glutarate.®®^ The acid has

been obtained by the oxidation of cyclo5ctane with nitric acid ®®®

or chromic acid.®®* Zelinsky and Gutt ®®® have prepared suberic
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acid by the action of carbon dioxide on the residue obtained from

the reaction of magnesium and trimethylene dibromide.

Suberic acid melts at 114^ and has the following boiling

points : 610 219.6°, 615 230°, 650 268.6°, and 6100 279°. Partial

anhydride fonnation results when the acid is distilled at ordinary

temperatures.^* The acid is soluble in ethanol and somewhat
soluble in water (0.08 part in 100 cc. at 0°, 0.98 part at 60°, and

2.22 parts at 66°). It is soluble to the extent of 0.8 part in 100

parts of ether at 16°.

Nofumedioic Acid (Azelaic Acid). (0^2)7(C'02^f)2

Azelaic acid is perhaps the best known of the hi^ molecular

weight dicarboxylic acids, since it is one of the products resulting

from the oxidation of many of the naturally occurring fatty acids.

The oxidative cleavage of oleic acid with potassium permanganate

yields azelaic acid together with pelargonic acid.*"*^^ High yields

of azelaic and pelargonic acids are obtained by the oxidation of

oleic acid with potassium permanganate in acetone solution.'^*

The oxidation of oleic acid or castor oil with nitric acid frequently

yields a mixture of azelaic and suberic acids and has been the

subject of a recent patent.^ The preparation of azelaic acid by
the oxidation of ricinoleic acid with alkaline potassium perman-

ganate has been described by Hill and McEwen.^*® The decom-

position of oleic acid ozonide yields azelaic acid, pelargonic acid,

azelaic acid semi-aldehyde, and nonanaJ.*®^*^" The oxidation of

either di- or polyethylenic acids generally yields azelaic acid to-

gether with monocarboxylic and other dicarboxylic acids.®*^®*®*®*®

Acetylenic acids yield a mixture of azelaic and suberic acids to-

gether with monobasic acids upon oxidation. **»®***®*® Azelaic acid

is one of the products of the spontaneous combustion of fats.®"*®*^

The oxidation of 9,10-dihydroxystearic acid by potassium per-

manganate or other oxidizing agents yields both azelaic and
pelargonic acids."®*®*® Azelaic acid has been prepared by several

methods in addition to the above described oxidative procedures.

Among these may be mentioned Haworth and Perkin’s malonic

ester synthesis using pentamethylene dibromide and diethyl sodio-

malonate.

Azelaic acid melts at 107° and has the following boiling points:

610 226.6°, 615 237°, 650 266°, and 6100 286.6°.*" The acid is di-

morphic, the /9-modification separating from a warm saturated

solution and the a-modification being formed by the slow evapora-
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tion of its solution at ordinary temperatures.**^ It is only slightly

soluble in cold water (0.1 g. in 100 cc. at 0°; 0.212 g. at 22^) but is

somewhat more soluble at elevated temperatures (1.648 g. at 55°;

2.2 g. at 65°).^^^ It is extremely soluble in ethanol and is soluble

in ether (2.68 parts in 100 parts at 15°).

Deoanedioic Add {Sebadc Add). iCH2)g(C02H)2

Sebacic add results from the dry distillation of castor oil or

ricinoleic acid in the presence of sodium hydroxide."* Boedtker

has studied the preparation of sebacic acid by this method and has

offered a possible reaction mechanism. Verkade, Hartman, and

Coops have prepared the add by this procedure and recently

Bruson and Covert "* have claimed that higher yields are obtained

if the reaction is conducted under pressure. Sebadc add can

easily be prepared by the oxidation of 10-undecenoic add,^**-"*

one of the products resulting from the oxidation of castor oil. The
electrolysis of an aqueous solution of potassium ethyl adipate

yields the diethyl ester of sebacic acid."^

Sebadc acid melts at 133° and has the following boiling points:

6io 232°, 5i5 243.5°, bgo 273°, and 6ioo 294.5°.*" It is very slightly

soluble in cold water (0.004 g. in 100 cc. at 0°) and slightly

soluble in hot water (0.42 g. in 100 cc. at 65°; 2.0 g. in 100 cc. at

100°). It is easily soluble in ethanol and ether.

The Higher Molecular Weight Dicarboxylic Adds

The dicarboxylic acids containing from eleven to twenty-four

carbon atoms and also a few of the quite high molecular weight

aliphatic dibasic acids have been prepared and described. The
higher molecular weight dibasic acids are essentially insoluble in

water but soluble in ethanol and ether. The melting points of

those acids which contain twenty or more carbon atoms differ

only slightly from each other irrespective of whether the acids con-

tain an even or an odd number of carbon atoms. The melting

points of the even adds below twenty carbon atoms fall upon a

descending curve, but those of the odd adds fall upon an ascending

curve. A variety of methods have be^ employed for the gfynthesis

of these higher dicarboxylic acids, some of which methods are of

general application whereas others pertain rather specifically to

an individual acid. Walker and Lumsden have obtained im-

decanedioic add, (CH2)9(C02H)2 , by the oxidation of 11-hydroxy-

undecanoic add with chromic acid in acetic add solution. Dodec-
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aiiedi<HC add has also been prepared from 11-hydroxyundeeanoic

add by conversioii of the h3ndroxy add to ll-bromoundecanoic

add and themoe to the nitrile, which is saponified.*^^ The hy-

drolysis of the dinitrile prepared from 1,10-diiododecane yields

dodecanedioic add.^ Chuit,^ using nonanedioic and decanedioic

adds and emplo3dng dther the nitrile or the malonic acid method,

has i^thesized the members of the dicarboxylic acid series con-

taining from eleven to nineteen carbon atoms. The following

melting points were reported by this author: Cn, 111^; C12, 128^;

C18,
113-113.2®; Ci4, 126.8®; C15, 114.6-114.8®; Cie, 126-125.2®;

Ci7, 118® ; C18 , 124.6-124.8® ;
andC19, 119.2®. Several of these S3m-

theses were later repeated by Chuit and Hausser.^^^ The malonic

add method is frequently resorted to for the preparation of these

adds because of its convenience.^^^ Tridecanedioic acid, brasi^lic

add, results from the oxidative cleavage of the ethylenic bonds of

erudc or brassidic acid."®* The oxidation of behenolic acid by
means of nitric acid yields bras^lic acid."® It has also been ob-

tained by the condensation of ethyl 11-bromoundecanoate and di-

ethyl sodiomalonate, followed by saponification and partial decar-

boxylation of the resulting tricarboxylic add.®"* ®^® The electrolytic

method has frequently been employed as a means of obtaining

the higher molecular weight dibasic acids. Tetradecanedioic acid,

(CH2)i2(C02H)2 ,
results from the electrol3rsis of potassium ethyl

suberate; "®*®®^ hexadecanedioic acid, thapsic acid, is obtained by
the electrolysis of potassium ethyl azelate; while octadecanedioic

add results from the electrolysis of potassium ethyl sebacate.®®^

Thapsic acid is said to be contained in the rosin-like extract ob-

tained from the dried roots of Thapsia garganica,^

Only a few dicarboxylic acids containing twenty or more carbon

atoms have been described. At least one, and perhaps several, high

molecular wdght dibasic acids are present in Japan wax. This

wax has been reported to contain from 6 to 7% of higher dicarbox-

ylic adds. The name Japanic add is most frequently associated

with heneicosanedioic acid, (CH2)i9(C02H)2 ,
although it more

properly refers to the mixture of dibasic acids obtained from this

wax. Heneicosanedioic acid was first recognized as a component

of Japan wax in 1888 by Eberhardt.®^® The wax condsts chiefly

of palmitin. Japanic add was first reported to be docosanedioic

add,®®® but later Schaal ®®® stated that the dibasic acids of Japan

wax consist principally of heneicosanedioic add, (CH2)i9(C02H)2

(Japanic add), together with eicosanedioic add and nonadec-
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anedioic acid. Tsiijimoto observed in 1031 that the main con-

stituent of the dibafflc adds of Japan wax is tricosanedioic acid,

(CH2)2i(C02H)2, melting at 123.5^, together with a smaller

amount of docosanedioic acid, (CH2)2o(C02H)2 ,
and several

years later these conclusions were apparently verified. In 1940,

Shiina^^ isolated docosanedioic acid melting at 125.7-126.3°

from Japan wax. FlaschentrSger and Halle obtained from

Japan wax tricosanedioic acid, which they reported to melt at

127.6°; however, they could not identify heneicosanedioic acid

as a component of this wax. It has been observed ^ that the dis-

tillation of the thaUium salts of the dibasic acids of Japan wax

3delds substantial quantities of cycloeicosanone, thus indicating

the presence of heneicosanedioic acid. It is quite evident that,

although the presence of high molecular weight dibasic acids in

Japan wax has been established, the actual identity of these acids

is not as yet definitely determined.

Our knowledge of the higher molecular weight dibasic acids is

not confined to the naturally occurring acids since several such

acids have been synthesized and described. Ruzicka, Stoll, and

Schinz have obtained heneicosanedioic acid by electrolyzing a

mixture of sodium 7-octenoate and the sodium salt of the mono-
methyl ester of hexadecanedioic acid, followed by ozonolysis of

the resulting 21-docosenoic acid. The reactions involved are as

follows:

CH2:CH(CH2)6C02H +CH302C(CH2)i4C02H

CH2:CH(CH2)wC02CH8 (CH2)i9(C02H)2

Fairweather has prepared docosanedioic acid, m.p. 123.8°,

hexacosanedioic acid, m.p. 123.5°, triacontanedioic acid, m.p.

123.5°, and tetratriacontanedioic acid, m.p. 123°, by the electroly-

tic method. Recently, Shiina has S3mthesized both docosane-

dioic acid and tetracosanedioic acid by the nitrile method, using

eicosanedioic acid as the starting material.
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IV

THE PREPARATION OF THE FATTY ACIDS

FROM THE NATURALLY OCCURRING FATS

The glycerides constitute by far the greatest source of the natu-

rally occurring fatty acids. Although the various animal, vege-

table, and insect waxes also offer substantial quantities of certain

fatty acids, these waxes are a minor source of the fatty acids when
compared to the enormous amoimts which are available in the

naturally occurring fats and oils. Therefore, the problem of

obtaining fatty acids from natural products is essentially concerned

with their liberation from the naturally occurring glycerides and
with their separation into pure compounds, or into mixtures of

acids the various components of which possess similar chemical

properties. The ease of separation of the various fatty acid mix-

tures depends quite largely upon the composition and complexity

of these mixtures. For example, the saturated acids can generally

be separated from the unsaturated acids, and the former can in

turn be easily separated one from the other. Extreme difficulty,

however, is frequently encoimtered in the separation of the highly

imsaturated acids. In separating the fatty acids from their mix-

tures recourse is taken to distillation, solvent crystallization of the

acids or their simple derivatives, crystallization in the absence of

solvents, pressing, centrifugation, and other procedures. Fre-

quently, several of these processes are combined in order to obtain

effective separations. This chapter discusses the various methods
which have been employed for obtaining fatty acid mixtures from

the glycerides or other naturally occurring fatty substances and
considers the various means which have been proposed for the

separation of such mixtures into their individual components. It

should be realized that many of the proposed procedures are useful

only for the preparation of fatty acids on a laboratory scale, whereas

others lend themselves to large-scale commercial operations.

258
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HYDROLYSIS OF FATS

The fatty acids are liberated from the glycerides by hydrolysis

of the ester molecule into its component parts, glycerol and ihe

fatty acids. If the glycerides are split by strong alkalies or metallic

oxides the process is known as saponification, whereas if the

hydrolysis is brought about catalytically or enzymatically, the

process is generally designated as splitting. Although acid i^lit-

ting was employed at an early date, the industrial preparation of

the fatty acids imdoubtedly found its beginning in the saponifica-

tion process. The glycerides were converted to soap and glycerol,

and the free acids were obtained by the acidification of the former.

Since the saponification process has been known for hundreds of

years, it is not surprising that the first large-scale preparation of

the fatty acids was by this method. Although the saponification

process is now infrequently employed for obtaining fatty acids

from the fats, having been replaced by more modem methods such

as catalytic splitting, its historical significance has been profound.

Soaps were kno^vn and used by the ancients.^ There is con-

siderable evidence to support the belief that the early Romans
employed certain types of soaps as detergents. Pliny has described

the preparation of soaps by the Gauls, who obtained them by
heating goat tallow with wood ashes. Soap boiling was extensively

practiced in Germany during the ninth centuiy; however, since

the composition of the fats was unknown until the beginning of

the nineteenth centuiy, it is apparent that these early processes

must have been built upon a very empirical foundation. Scheele’s

discovery of glycerol in 1779 and his announcement several years

later that it is a common component of all fats threw some light

upon the saponification process; however, it was not until the work

of Chevreul (1813-1823) that the tme character of the saponifica-

tion reaction was rendered understandable. When Chevreul

showed that the fats are fatty acid esters of glycerol, it became
apparent that the soaps are the metal salts of these acids. The
process, therefore, consists of the hydrolysis of the fats by means
of basic substances to yield metal salts and glycerol. The indus-

trial preparation of fatty acids by the treatment of soap with

hydrochloric acid was undertaken by Chevreul and also by Gay-
Lussac. The solid acids so obtained were used for candle manu-
facture and the liquid acids for soap making. Considerable

difficulty was experienced in removing the last traces of hydro-
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chloric acid from the fatty acids, and the acid process was even-

tually replaced by lime saponification followed by acidification

of the lime soaps with sulfuric add.

When fats are saponified with caustic alkalies or other bases

for the purpose of obtaining soaps and glycerol, it is necessary to

employ somewhat more than the theoretical quantity of the base

in order to convert the fatty adds completely into soaps. If,

however, the primary object was to change the fats into fatty acids

and glycerol, it was soon recognized that complete conversion into

soaps is not necessary or desirable. This led to the so-called

catalytic (flitting process, in which the fats are autoclaved under

pressure in the presence of small amounts of alkalies, the resulting

product consisting of a mixture of glycerol, fatty acids, and soaps.

Caustic alkalies, calcium, magnesium, or zinc oxides, and other

bases were employed for preparing fatty acid mixtures from fats.

Such methods have been largely replaced by the hydrolysis of fats

with adds or acid catalysts and to a limited extent by enzymatic

hydrolysis. The mechanism of the saponification process has long

been a controversial question, and before we consider the various

specific processes it would be interesting, and perhaps helpful, to

discuss certain aspects of this subject.

Mechanism of Hydrolysis

When we consider the triglyceride molecule, it is apparent that

its saponification may proceed by at least two possible mecha-

nisms. Either all the fatty radicals may be removed simultane-

ously with the formation of soaps and glycerol, or the saponifica-

tion may proceed stepwise with the formation of a diglyceride,

then a monoglyceride, and finally glycerol, as follows:

(I) CjH6(OCOR)8 + MOH C3HbOH(OCOR)2 -h MOCOR
Triolyoende Di^ycende

(II) CsHsOHCOOOR)! + MOH C8Hii(OH)*OCOR + MOCOR
Monoidyoende

(III) C,H6(0H),0C0R + MOH — C3,H»(OH), '+ MOCOR

There can be little question but that the stepwise process is the

correct mechanism. However, a heated controversy raged for

years concerning this point, and it has only been within com-

paratively recent years that there has be^ substantial agreement

that saponificatian is a stepwise procedure. All hydrolytic proc-

esses whidi involve triglycerides undoubtedly proceed by this
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st^wise mechanism. This does not mean, however, that all the

triglyoerides in a saponihcation mixture are first hydrolysed to

diglyoerides, thence to monoglycerides, and so on, since the various

reactions proceed at somewhat different rates, and the physical

properties of the reaction mixture exert a profound influence. If

the saponification or hydrolytic process is stopped at an inter-

mediate stage, products representing all degrees of hydrolysis will

be present. This point has been proved analytically, for example,

in the hydrolysis of trilaurin by sulfuric acid;^ however, in most
cases the isolation of the intermediate products of hydrolysis is

attended with great difficulty.

The mechanism of the saponification reaction was first inten-

sively studied by Geitel * and by Lewkowitsch,^ both of whom
considered the reaction to proceed stepwise. Balbiano ^ and
Kremann,* studied the process and reported it to proceed step-

wise, although the former stated that no intermediate products

could be isolated. The kinetic studies made by Meyer ^ also indi-

cated a stepwise mechanism. The failure to isolate the inter-

mediate products led Marcusson ^ to question the stepwise mecha-

nism and to suggest that the results based upon acetyl determina-

tions were erroneous, an opinion which was also expressed by
Kellner,* who believed that alkali saponifications proceed with the

simultaneous removal of the three acyl groups. The saponificar

tion of rape seed oil was studied by Stritar and Fanto,“ who con-

cluded that it proceeds stepwise, but that no large amounts of

intermediate products are present at any specific time. Weg-
scheider has stated that xmder the conditions which seem most

probable for saponification in a heterogeneous system one would

not expect to find appreciable quantities of intermediate products,

although the reaction was actually taking place through their

formation. Intermediate products have been isolated in the

hydrolysis of distearo-a-chlorohydrin with sulfuric add “ and in

the hydrolysis of glyceryl trinitrate.^*

With all due respect to the many technical advances and to the

large amount of experimental work which has been done upon

saponification and other hydrolytic reactions involving triglyc-

erides, it must be admitted that the mechanisms by wluch these

reactions proceed are not, as yet, clearly understood. It is quite

probable that such reactions follow similar mechanisms irrespec^

tive of whether they are conducted in the presence of excess acids

or bases or in the presence of catal3rtic amounts of these substances.
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When neutral oils are boiled with aqueous alkali, the initially slow

reaction rate becomes rapid, and then finally undergoes a marked
retardation. This can be partially explained on the basis that

saponification is a surface reaction and that the soap formed

initially fimctions as an emulsifying agent to increase the area of

contact between the reactants. Treub has stated that saponi-

fication takes place at the surface of contact of the fat and aqueous

phase, and therefore depends upon the adsorption of the glycerides

on the contact surface. He also stated that saponification in the

aqueous phase is negligible owing to the slow rate of diffusion.

Norris and McBain believe that the reaction takes place at the

oil surface and consequently that the rate depends quite largely

upon the degree of emulsification. Physical processes such as

vigorous stirring increase the reaction rate perceptibly, whereas

processes such as ^Wting out’^ materially reduce the reaction

rate. Lederer has concluded that the ionic combination of the

alkali with the fatty adds of the glycerides is preceded by an ad-

sorption phenomenon which follows Freundlich’s adsorption law.

Smith,^^ however, has stated that the reaction at the interface is

of important magnitude only during the early stages of saponifica-

tion, where no soap is present initially. Since saponification reac-

tions appear to be bimolecular, especially after the reaction has

passed through the initial stage, it appears that interfacial reac-

tions do not afford a complete explanation of the entire process.

Although the rate of saponification is high in the presence of excess

caustic, it is well known that the reaction can easily be brought to

completion at higher temperatures with only catalytic amounts of

basic materials. The results of Rowe upon saponification in the

presence of varying amoimts of caustic support the previous con-

tention that basic materials play a catalytic role, which indicates

that, in the case of saponification in an aqueous medium, the pri-

mary reactants are water and fat. Recently, Lascaray has

studied the influence of various factors upon the rate of saponifica-

tion of tallow by sodium hydroxide and has observed that varying

the amount of water from 20 to 200% substantially increases the

extent of splitting at equilibrium, although the rate of splitting is

only slightly influenced. The catalytic effect of the bases investi-

gated increases in the following order: NH3, KOH, NaOH, LiOH,

CaO, MgO, and ZnO. It was concluded that the saponification

of fats is a homogeneous reaction which occurs in the fat phase

between fat and the water dissolved therein. Saponification in
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alcoholic caustic solutions proceeds more rapidly than that in an

aqueous medium, owing, undoubtedly, to the greater solvent power

of the alcohol. The solvent, however, does not fundamentally

influence the reaction mechanism. The kinetic experiments of

Strohecker ^ indicated that the initial reaction of fat saponification

in alcoholic solution is neither uni- nor bimolecular, but that the

reaction becomes bimolecular as the saponification proceeds.

Kurz has shown that the rate of glyceride splitting in alcoholic

solution increases with increasing water content of the alcohol and

also with increasing caustic concentration.

Splitting by means of acids and acid catalysts such as Twitchell’s

reagent probably proceeds by a physical mechanism similar to

that of alkali saponification. Treub ^ has observed that the reac-

tion velocity during acid splitting cannot be dependent upon
emulsification alone. It was stated that acid catalysts not only

increase the contact surface but also the concentration of hydrogen

ion at the interface, and it has been postulated by v. Braun and

Fischer that saponification consists of the primary addition of

OH or OR to the carbon of the C:0 group. Since hydrocarbon

radicals possess an electron-repelling effect, it follows that

CH3CO2H should be saponified at a much slower rate than

CCI3CO2H, a conclusion which has received experimental veri-

fication.

Among the interesting points which have been raised concerning

the rate of hydrolytic reactions is the question as to whether all

triglycerides are hydrolyzed at the same speed, or whether the

rate of hydrolysis is influenced by the types of fatty acids in the

glyceride molecule. A consideration of this point, together with

the question as to the relative rates of hydrolysis of triglycerides

as compared to di- and monoglycerides, is essential for any com-

plete understanding of these hydrolytic processes. It appears

logical to assume that the type of glyceride entering into this reac-

tion, particularly as regards the nature of the fatty acids in the

glyceride molecule, should rather materially affect the rate of

hydrolysis. This has been partially borne out by the experimental

work. However, several controversial opinions have been ex-

pressed, and it certainly cannot be said that this subject has been

sufficiently explored. The difficulty which arises is that in most
of the experimental work several variables have been considered

simultaneously, precluding a definite evaluation of the influence

of any one specific factor. Henriques ^ saponified a number of
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l^cerideB with insufficient caustic to bring about complete saponi-

ficatimi ami repented that there was no diffemice in the reaction

rates. Thum** found no selectivity in the reacti<Hi of sodium

lydroxide with a mixture of stearic and oleic adds. Experiments

p^ormed uong castor dl lipase appeared to indicate that all

l^cerides are sapcaiified at the same rate,** althou^ Longenecker

and Haley ” have observed that the percentage of hydrolysis in

the presence of plant lipase varies for different oils. Studies on

the sapmufication of coconut oil have shown that the glycerides of

the lower fatty acids are hydrolyzed more readily tlum those of

their hi^er homoiogs.*^** Several studies have beoi made upon

the rate**>*^** d saponification of pure glycerides, and in 1926

McBain and others ** reported that there is no correlation between

the molecular weight of a triglyceride and its rate of saponification

by aqueous alkali but that the time required for saponification in*

creases with the degree of imsaturation. Verkade and de Willi-

gen ** have observed that triglycerides whose fatty acids contain

from eight to thirteen carbon atoms are hydrolyzed at the same

rate during homc^neous saponification with potassium hydroxide

in 96% ethanol; on the other hand, Stohecker ** has stated that

the low molecular weight glycerides are saponified at a very

accelerated rate, and he has developed a method for the detection

of adulteration in oils based upon his kinetic studies. Recently,

Ono ** has stated that the saponification of solid fats is more rapid

than that of oily fats; however, the highly unsaturated fish oils

were observed to be more readily saponified than the more satu-

rated v^etable oils. From the above discussion it is apparent that

very little work has been done upon the saponification of pure

tii^cerides under carefully controlled conditions and that little

agreement is evidenced in the work of the various investigators

in this field.

The important point as to the relative rates of saponification of

tri^cerides as compared to di- and mono^ycerides has been

eBeexdjaSiy ^sceg;a.Tded. In 19^, Ono ** stated that thehydxotys^

the glycerides of palmitic, stearic, and oleic adds increases in

the order tri-, di-, and monoglycerides, and that the difference

betwem reaction coeffidents for monostearin and tiistearin is

greater than that for monodlein and triolein. This author eiian

attempted to correlate the rate saponificatian with the position

of the fatty fund radical in the ^yceride molecule. PrevicHisly,

Franck ** had studied the saponification rates of the ethyl and
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^ycol esters of linseed oil fatty acids and reported no significant

differences. It has been stated that triglycerides are much more
readily hydrolysed by pancreatic lipase than are either di- or

mono^ycerides.

The rates of saponification in aqueous media are generally in-

creased by the addition of small amounts of alcohol. Undoubtedly
the solvents employed in saponification processes exert a rather

significant influence upon the reaction rate, and Henriques ^ has

reported that fats dissolved in a mixture of petroleum ether and
alcoholic sodium hydroxide are completely saponified at room
temperature in twelve hours. Anderson and Brown have studied

the rates of saponification of several fats in methanol, ethanol, and
pentanol, and have reported that at 15.5^ the velocity of saponi-

fication of the glycerides is about twice as great in pentanol as in

ethanol and about ten times as great in ethanol as in methanol.

The addition of small amounts of water to these alcohols materi-

ally increases the reaction rates.

Processes of Fat Hydrolysis

The various methods which have been proposed or used for the

splitting of triglycerides or other fatty esters can be roughly divided

into four general procedures: splitting by acids or in the presence

of add catalysts, hydrolysis by basic materials, direct splitting by
steam at elevated temperatures, and enzymatic hydrolysis. In

the following discussion of these various processes it should be

borne in mind that they do not differ fundamentally, since the

actual hydrolyzing agent is probably water in all cases.

Acid Hydrolysis

Add hydrolysis is, at present, the most important industrial

method for preparing fatty acids from fats. Its importance has

largely been occasioned by the advent of the various acid catalytic

agents. In spite of the antiquity of such processes, it was not

until the latter part of the last century that they received serious

study. The prindpal problem which had to be solved was to effect

an intimate contact of the ad(i( with the unhydrolyzed or partially

hydrolyzed fat, since without intimate contact such reactions are

incomplete. In 1903, Lewkowitsch 8® published the results (rf

studies upon acid hydrolysis in which he pointed out that in older

for this process to be satisfactory a suitable emul^ying agent

must be found. For example, it was observed that dilute sulfuric
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add is without material action upon the fats and that only slight

hydrolysis is obtained with dilute hydrochloric acid. Hydrolysis

by means of concentrated hydrochloric add produces substantial,

although not complete, hydrolysis, and the free fatty acids initially

present in the oil appear to exert a catalytic effect. It has been

diown ^ that fats are almost quantitatively hydrolyzed in the cold

by treatment with concentrated sulfuric acid; however, the extent

of hydrolysis decreases rapidly upon dilution of the acid. Thus,

when one mole of trilaurin is treated with twenty-five moles of

concentrated sulfuric acid at 1-2° for six hours, complete hydrol3rsis

results, whereas if less acid is used the reaction is incomplete.

Van Eldik Thieme showed that the hydrolysis of fats with sulfuric

add is a reversible reaction, esterification of the fatty acids and

glycerol being catalyzed by dilute acid. The strong hydrolytic

properties of concentrated sulfuric acid may be ascribed to its

solvent power for fats and to its formation of addition compounds

with glycerol and the glycerides." It is well known that unsatu-

rated fatty acids form addition compounds with concentrated

sulfuric acid, and these may well exert a catalytic effect. The
hydrolysis of fats with concentrated sulfuric acid has little com-

mercial significance owing to the large amount of acid required

and the obvious difficulties of obtaining and purifying the resulting

products. The use of more dilute acids at elevated temperatures

under pressure, on the other hand, was not successful because of

the difficulty of obtaining an emulsion of the fat and water with

the reactants. That the problem of the acid hydrolysis of fats is

essentially one of emulsification has been shown by the observa-

tion that triacetin is completely hydrolyzed by treatment with

either dilute or concentrated hydrochloric acid. It became strik-

in^y evident, therefore, that emulsification is necessary for the

satisfactoiy acid hydrolysis of fats and that such processes would

be of only academic interest until catalysts possessing emulsifying

properties were developed.

The status of acid saponification was changed, almost overnight,

by the introduction of the so-called Twitchell reagent, modifica-

tions of which are widely employed today for obtaining fatty acids

from fats. Such fat-splitting agents have been the subject of

many chemical studies and of an extensive patent literature. The
original Twitchell reagent consisted of the reaction product of

benzene, oleic acid, and concentrated sulfuric acid, and was de-

scribed by Twitchell " as benzenestearosulfonic acid, C6H4 (S03H)-
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C18H35O2. Products possessing similar properties were also pre-

pared from naphthalene and phenol, and the former has been

extensively employed. Catalytic amounts of these reagents

(1-2%) were observed to bring about essentially complete hydroly-

sis when heated with fat-water systems, an action which was
ascribed to their high acidity combined with their emulsifying

powers. Several patents covering the use of these reagents were

issued to Twitchell.^ Such agents are soluble in water and in-

soluble in dilute hydrochloric or sulfuric adds or in salt solutions.

They are also insoluble in petroleum ether and can easily be puri-

fied by means of their solubility characteristics. Twitchell

explained their function as follows: ^The special catalytic action

of these sulphonic acids, or 'sulpho-fatty acids’ can be explained

as follows: They are soluble in water and their aqueous solutions

dissolve fatty bodies, acting like soap solutions. At the same

time they are acids which are electrolytically dissociated to a
high degree. ...” Twitchell^ also showed that these reagents

not only function as hydrolyzmg agents but also are esterification

catalysts for fatty acids and glycerol. Fat-splitting agents,

termed ”Pfeilring reagents,” have been prepared by the action of

concentrated sulfuric acid upon aromatic hydrocarbons and hy-

droxy acids, such as ricinoleic acid or the hydroxystearic acid

obtained by the hydrogenation of ricinoleic acid.^® A comparison "

of such agents with those prepared by the use of oleic acid indi-

cated that the former yield lighter-colored fatty acids and ‘

‘glycerol

waters” than the latter. Kita and Yamano have compared the

activities of hydrolyzing agents prepared from various aromatic

and fatty acids. They have reported that reagents prepared from

rape seed oil acids and also olive oil acids are more active than

those prepared from the acids of soybean oil, castor oil, linseed oil,

or herring oil. Of the reagents prepared from phenol, benzene,

naphthalene, and anthracene, that from naphthalene is the most

active and that from anthracene the least active. Grimlund"
has stated that such agents consist of a hydrolyzing and an emul-

sifying component.

The sulfuric acid contained in the various Twitchell reagents

is apparently the actual hydrolyzing catalyst, since, when such

reagents are washed with salt solutions until the wadiings are no

longer acidic, they lose their hydrolyzing powers. The reagent

can be regenerated by the addition of sulfuric acid, thus indicating

that these fat-splitting catalysts must possess both emulsifying
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and addic properties. Hoyer^ has observed that substances which

unite witii sulfonic adds reduce the hydrol3rtic properties of such

reagents by decreasing thdr emulsifying powers. The initial

splitting oi fats in the presence of the Twitchell reagents is appar-

ently accelerated by the presence of a small quantity of free fatty

acids in the oil." Twitchell reagents may be purified by conver-

sion to their sodium salts, washing of these salts with naphtha,

conversion to alkaline earth salts, and transformation of the latter

into the free adds.^

Since the introduction of the aromatic sulfonic fatty adds as

fat-i^litting catalysts, a laige number of substances possessing

similar properties have been proposed. Several of these are now
widely employed, among the most important of which are the

water-soluble sulfonic acids which result from the acid refining of

petroleum distillates. The use of such products as fat-splitting

catalysts was probably first proposed by Petrov," and they have

since been extensively investigated particularly as regards the

various means of extracting them from the add sludges. Their

puiification by the use of aluminum salts has been proposed by
Divine.** The splitting of fats by the use of aromatic sulfonic

adds has been patented by Riedel, A.-G.,** who investigated the

action of cyclohexylnaphthalenesulfonic acid, octahydroanthra-

cenesulfonic acid, and other aromatic sulfonic acids. A rather

large number of aromatic sulfonic adds, among which may be

mentioned cymenesulfonic acid ** and octadecylbenzenesulfonic

acid,*^ have been studied as fat-hydrolyzing catalysts. According

to Sandelin,** all the aromatic sulfonic adds which possess fat-

splitting properties are of high molecular weight, can be predpi-

tated from solution by the addition of acids or salts, and function

as both emulsifying and addic agents. The use of the sulfonic

acids obtained by the sulfonation of fatty acid distillation residues

has been proposed." Moore and Wallace " have suggested the

use of a common solvent for the fat and water, such as acetone,

in order to bring about a more rapid hydrolysis.

One of the principal objections to acid hydrolysis is that fre-

quently the fatty acids and glycerol which result are quite dark

in color. This is particularly true when highly unsaturated fats

are split or when the fats contain substantial amounts of unsaponi-

fiable matter. One of the methods which have been proposed for

improving the quality of the adds is to conduct the acid-splitting

reaction in the presence of decolorizing agents such as fuller’s
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earth, animal charcoal, or wood charcoal, and it has been claimed ^

that lighteivcolored products are obtained in the presence of such

substances.

It has been stated that the addn^litting process is more efficient

if it is divided into two steps, the first being a partial hydrolysis

after which a portion of the ^'glycerol water” is removed, and the

final step being the completion of hydrolysis.^ The advantages

claimed for this procedure are rather hard to visualize, since the

intermediate reaction products are generally quite difficult to

separate. The use of an alternating current to facilitate the split-

ting of fats by acids or acid catalysts has been proposed.^ It has

frequently been observed that the acid hydrolysis of castor oil

results in low yields of fatty acids. In his study of this hydrolysis,

Jones reported that the splitting is essentially complete, as

shown by the glycerol yield, and that the low recovery of fatty

acids is due to the formation of polyricinoleic acids during the

splitting process.

Twitchell reagents have occupied a dominant place in the field

of fat hydrolysis for a number of years; however, other acid

catalysts such as aluminum chloride, recently investigated by
Ott,®* and sulfur dioxide, proposed by Budde,*’^ have been suggested

from time to time. The particular advantages of the Twitchell

process are that it does not require pressure, although the rate of

splitting is materially increased if pressure is used, and that the

fats are split directly into fatty acids and glycerol.

Basic Hydrolysis

The complete saponification of fats by means of excess caustic

alkali is one of the oldest chemical reactions known. When the

primary object, however, is to obtain the free fatty acids, it is

apparent that the complete conversion of the acids into soaps is

unnecessary. Although it is known that saponification by aqueous

caustic solutions cannot be brought to completion at atmospheric

pressure, unless an excess of alkali is employed, it is also known
that the amount of alkali required may be considerably reduced

if the reaction is conducted at higher temperatures under pressure.

Under these conditions, fats may be completely split into fatty

acids and glycerol by the use of catalytic amounts of basic mate-

rials. In such processes the small amount of soap initially formed

evidently serves as an emulsifying agent, since any basic material

which yields a soluble soap under the reaction conditions has been
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shown to be a satisfactoiy catal3r8t. The substances most fre-

quently employed as basic catalysts, in addition to the alkali

metal hydroxides, are calcium oxide or hydroxide, magnesium

oxide, barium oxide, zinc oxide, and similar materials. The
preparation of fatty acids by the hydrolysis of fats in the presence

of basic catalysts has received increased attention in recent years.

The production of soaps from fatty acids rather than from fats

offers several advantages, and as a consequence the splitting of fats

to fatty acids and glycerol assumes an additional industrial

significance.

The saponification of fats by the use of aqueous lime under

pressure is known as the Krebitz process. The older processes

have been replaced by those using catalytic amounts of lime under

high steam pressure: The use of magnesium oxide as a substitute

for lime was first proposed by Freestone.™ Hefter has compared

the catalytic effects of calcium, magnesium, and zinc oxides in the

autoclave process, reporting complete splitting in the presence of

0.6-1% of magnesium oxide in 7-8 hours at 8-10 atmospheres,

whereas 0.33-0.5% of zinc oxide produces a similar result under

6 atmospheres. Large amounts of lead oxide are required to pro-

duce splitting. Nakae and Nakamura ™ have studied the hydroly-

sis of soybean oil with 30% of water in the presence of 1% of lime,

zinc oxide, or magnesium oxide at 8 atmospheres, and reported

the fatty acids obtained from the use of zinc oxide to be paler in

color than those obtained from the use of calcium or magnesium
oxide. The use of lead oxide was also stated to yield pale fatty

adds. The cleavage of fats by means of catalytic amounts of

zinc oxide has also been reported by Krause to yield quite light-

colored fatty adds. The use of alnixture of zinc oxide and metallic

zinc was observed to give quite satisfactory results, although it

has been stated that zinc dust alone presents certain difficulties,

owing ip its tendency to settle out.^ The importance of the fat-

water ratio in the catalytic hydrolysis of fats has been pointed

out by Kaufmann and Keller,™ who reported that maximum
splitting is obtained when a 2:1 ratio is employed. The use of

magnesium oxide for the autoclaving of low-grade fats has been

recommended.^^ Fish oils have been reported to require more
catalyst and higher pressures than animal fats.

The speed of saponification by bases has been stated ™ to be
influenced by the addition of small amounts of aromatic hydro-

carbons. Phenol and eugenol accelerate emulsification, whereas
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the cresols and naphthols evidently promote saponification since

their presence has been reported to raise the reaction temperature.

It has been proposed to conduct the splitting in the presence

of a chemically inert solvent in order to insure more eflident con-

tact between the reactants. De Grousseau ^ has recommended

dissolving the fat in a hydrocarbon prior to its saponification.

It has been observed that higher quality fatty adds result from

basic hydrolysis if the process is conducted in two stages. Welter ^

has suggested an initial hydrolysis by heating the aqueous fat

system under 6-7 atmospheres pressure followed by removal of

the
'
'glycerol water/’ and completion of the splitting under pres-

sure in the presence of alkaline catalysts. A somewhat similar

procedure has been disclosed by Reuter and also by Bergell.®

Bolis has suggested an initial saponification with sodium car-

bonate followed by a fiual treatment with caustic alkali.

The use of aqueous ammonia as a hydrolyzing catalyst has been

known for some time. Barbe, Garelli, and de Paoli ^ suggested

0.5% ammonia with steam under 3-6 atmospheres pressure, and

Barbe proposed to decompose the residual ammonium soaps by
steam. The advantages which have been claimed for the ammonia
saponification process have been severely questioned by Keutgen.*

The use of alcoholic solutions of ammonia for hydrolyzing fats has

been suggested.*^ The hydrolysis of fats by liquid ammonia pro-

duces glycerol and fatty acid amides, and it has recently been

stated ** that this reaction is catalyzed by the presence of am-
monium salts. Fats are converted into glycerol and anilides when
heated to 230° in the presence of aniline; aniline derivatives such

as m-xylidine, p-anisidine, and p-phenetidine exert similar actions,

although the hydrolysis does not proceed to completion.®® Fatty

hydrazides are produced when fats are hydrolyzed by hydroxyl-

amine in absolute methanol solution.®^-®®

The use of sodium carbonate both as a saponifying agent and as

a hydrolyzing catalyst has been proposed;®**®^ however. Welter®®

has claimed that satisfactory results cannot be obtained by the

use of this reagent. It has been observed that the efficiency of

sodium carbonate as a hydrolyzing agent is materially increased

by the presence of lipolytic substances such as sulfonated castor

oil.®®

Although the hydrolsrsis of fats under high pressure in the pres-

ence of catalytic amounts of basic substances is frequently em-
ployed for the industrial preparation of fatty acids, it is apparent
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that this process is not adaptable to obtaining fatty acids from

fats on a laboratory scale. Complete saponification by means of

alkali metal hydroxideB, however, offers a very convenient means

of flitting fats, and this process is frequently employed in the

laboratory. The most satisfactory procedure is to saponify the

fats in alcoholic alkali, the reaction being conducted under a

reflux condenser in the presence of a small excess of the alkali.

The alcohol is then evaporated, and the fatty acids are liberated

from the soap by acidification, washed free of mineral acid, and

dried. Anderson and Bro^vn ** have observed that the velocity of

saponification is twice as great in pentanol as in ethanol and about

ten times as great in ethanol as in methanol. It is generally prefer-

able to employ potassium hydroxide rather than sodium hydroxide,

because of the greater solubility of the potassium soaps. A small

amount of water markedly increases the rate of saponification.

Henriques ^ has proposed dissolving the fat in petroleum ether,

adding alcoholic sodium hydroxide, and allowing the mixture to

stand for twelve hours. This method is somewhat time-consuming,

and also has the disadvantage that anhydrous alcohol must be

employed. Alkali metal hydroxides exert a catalytic effect upon
fat splitting in alcoholic solutions, the reaction, however, being

essentially one of alcoholysis. The mechanism of this reaction

apparently does not differ fundamentally from that of catalytic

splitting in aqueous solutions, since the actual hydrolyzing agent

is undoubtedly water in both cases.^^ It has been known for some
time that reactions of alcoholysis are catalyzed by the presence

of caustic alkalies. For example, tristearin is largely converted

into ethyl stearate and glycerol by heating with a small amount
of sodium ethylate in ethanol. Larger amounts of alkali reduce

the amount of alcoholysis, and theoretically equivalent amounts
result in complete saponification.

Hydbolysis by Water
Fats are appreciably hydrolyzed by prolonged contact with

water at ordinary temperatures. An increase of temperature

greatly increases the velocity of i^litting by water, and when fats

are treated with superheated steam in an autoclave substantial

splitting results. In 1901, Klimont subjected a number of fats

to the action of superheated steam, under pressures varying from
3 to 15 atmospheres, and obtained a high degree of hydrolysis of

the glycerides, espedally at the higher pressures. The results



PROCESSES OP FAT HYDROLYSIS 273

obtained when olive oil was heated with steam for six hours at

vaiying pressures are shown in Table I. The data shown in this

table indicate that at elevated temperatures and pressures steam

alone is an effective hydrolyzing catalyst.

TABLE I

Action of Steam upon Olive Oil

Atmospheres Acid Value

3 6.4

5 35.3

6 41.7

7 53.0

10 62.3

13 108.3

15 159.5

Early workers, such as Bertholet and Menschutkin, have shown
that hydrolytic reactions are reversible, and that either hydrolysis

or esterification is encountered depending upon the reaction condi-

tions. Sabatier and Mailhe obtained esterification of aliphatic

acids and primary alcohols by passing their vapors over Ti02 at

280-300® and showed that complete hydrolysis results if the ester

vapors and steam are passed over the catalyst at higher tempera-

tures. Mailhe completely hydrolyzed esters by passing their

vapors mixed with excess steam over lithium oxide at 280-300®.

The direct splitting of fats by means of high-pressure steam or

superheated water has been the subject of an appreciable patent

literature. Bohm has claimed a process whereby fat and water

are heated in an autoclave at 200® mth mechanical stirring, under

such a pressure that steam cannot be generated. The splitting

can be accomplished by the reaction of countercurrent streams of

fats and water at high temperatures and pressures,^^^ and Henkel

et Cie.^^ have disclosed a countercurrent splitting process with

water under high temperature and pressure, wherein the fatty

acids are removed at one end of the apparatus and the ^'glycerol

water” at the other. Mills heats fats and water separately and

passes them countercurrently through an apparatus at 185<-300®

under 1600 lb. per sq. in. pressure. Water at high pressure and

temperature can be percolated downward through an upwardly

flowing column of fat in order to effect hydrolysis,^* and Eisen-

ohr has disclosed a process whereby water and fat are passed
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through a high-pressure coil, the temperature being maintained

between 260 and 320^. It has been observed that if the splitting

is carried out in the presence of a small amount of i^lit oil and

‘‘glycerol water the time required for hydrolysis is shortened.‘“

The presence o£ colloidal clay has been stated to have a catalytic

effect.^^^

The direct hydrolysis of fats by water alone offers the advantage

that the resulting products are not contaminated with soap,

acidic substances, or other catalytic materials. Owing to the high

pressures involved, such processes are of interest only for the com-

mercial splitting of fats. It is possible that with the many improve-

ments which have been made in pressure techniques and equip-

ment, such processes may be widely used industrially in the future.

Hydrolysis by Enzymes

The metabolism of fats in both plant and animal S3rstems is

inherently associated with the presence in these organisms of

enzymes which possess the property of hydrolyzing fatty esters

and, to a certain extent, of esterifying fatty acids and alcohols.

Such substances are known as lipases, and the fact that they can

be separated from the plant or animal organisms in an active state

has made them of industrial significance. The lipases apparently

function as true catalysts in hydrolytic or esterification reactions

and owe their activity to both their emulsifying and hydrolyzing

powers. They are qualitatively divided into the plant and animal

lipases, and although these two groups have much in common, they

possess several characteristic and distinguishing differences. The
true lipases of both animal and vegetable origin possess very

marked hydrolyzing powers towards the glycerides and other

esters of the higher fatty esters; however, they exhibit little if any

activity towards the more water-soluble esters of the lower molecu-

lar weight adds. Certain animal organs, mainly the liver and the

blood—and to a much more limited extent certain plant tissues

—

contain enzymes which show no hydrolytic activity towards the

higher molecular weight esters but possess the property of rapidly

hydrolyzing the simple water-soluble esters. These substances

are known as esterases and are frequently found associated with

true lipases in many plant and animal juices and tissues. The
conditions for their maximum activity differ from those for the

true lipases, and their presence in certain lipase mixtures can be
easily demonstrated.
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Because of their ease of pr^aration and ready availability, the

plant lipases aie of greater industrial interest as fat-hydrolyzing

catalysts than those of animal origin. Plant lipases are present in

the seeds of all plants, their biological function being to render

the fat of the seeds available during the germination process.

Lipase activity increases with germination and is said to reach a

maximum in three days, at 30°, after which time it decreases

materially.^^’ The most widely investigated plant lipase is that

found in the castor bean. In 1890, Green and Sigmund,^*

working independently, established the presence of a fat-splitting

enzyme in castor beans. The hydrolyzing activity of this lipase

was later extensively investigated by Connstein, Hoyer, and War-
tenberg,^* who studied its fat-splitting activity towards a number
of fatty esters. Ricinus lipase is insoluble in water, and its activity

is materially reduced by contact with water. The enz3rme is

stabilized by the presence of fats. It is very sensitive to ethanol;

however, it is resistant to benzene, ethei^, or carbon disulfide. It

is rapidly inactivated by alkalies and functions only in a neutral

or slightly acidic medium. Haley and Lyman have stated that

its greatest activity in the presence of oil is at pH 4.7-4.8. The
enz3nne is apparently activated by the presence of acids, weak
acids exerting the greatest accelerating effect. The enzymatic

activity of seeds is confined to the cytoplasm, and Nicloux

attributes lipase activity in plant seeds to the presence of carbon

dioxide. However, he also stated that it functions in neutral

solutions, especially in the presence of salts such as magnesium
sulfate. Pottevin had previously observed the activating in-

fluence of metallic salts. Tanaka showed that the function of

the acid is to liberate the enzyme, and observed that an active

lipase can be prepared by treating the castor oil cake with the

optimum amount, of acid and then washing out all the water-

soluble substances. Crude oils are hydrolyzed when stirred with

crushed castor beans and water, although no action takes place

when refined oils are similarly treated.^^ Kita and Osumi,^“ on

the other hand, have observed that while activated lipase can act

without the addition of any add, the addition of a small amount
of acid accelerates the action. They also pointed out that the

sensitivity of lipase to acid depends upon the amount of oil present.

Lipase functions most effidently in a water-in-oU emulsion. The
rfttp.rding action of sodium or calcium chloride solutions is counter-

acted by the addition of acetic acid. Tantzov has stated that
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the <9timum concentration of activator and enibBtrate is that

which gives the most rapid formation and decomposition of inter-

mediate products, and l^t with very low ccmoentrations ctf adds

the hydrolysis is reversible, while irreversible changes occur with

higher concaitrations. The optimum temperature for the action

o[ ridnus lipase is around 35^. It can be heated as high as 165^

in the presence of fat, although it is rapidly inactivated even at

6(P in the absence of fat.

The activity of castor bean lipase is apparently confined to the

hydrplysis of the higher molecular wdght fatty esters. Armstrong

and Ormerod ^ have stated that the activity of lipase on an ester

is inversely proportional to the affinity of the ester for water, on

account of the necessity which exists for a direct association of

the enz3nne with the carboxyl group. It has been stated,^^^ on

the other hand, that a highly purified lipase splits simple esters

an well as those of high molecular weight. Attention has been

called to the observations that substantial amoimts of lower

fatty acids inhibit the lipase activity. Since it has been observed

that triacetln is hydrolyzed by castor bean enzymes, it is apparent

that castor beans contain not only a lipase but probably an esterase.

Falk and Sugiura^^ have claimed the separation of the castor

bean enz3rmes into a lipase and an esterase fraction, and Kelsey ^
has prepared separate fractions, one capable of splitting fats and
the other of splitting cholesteryl esters.

A number of methods for obtaining an active lipase from castor

beans have been proposed.^^® Most of them endeavor to isolate

the enz3rme in a pure state relatively free from extraneous matter.

Grenerally the hulled seeds are ground in water, the solids filtered,

and the lipase obtained in the form of an emulsion by centrifuga-

tion. Jalander^ ground the dry seeds in cottonseed oil and
centrifuged the mixture. Longenecker and Haley have prepared

a diy, stable lipase by extracting the macerated beans with

petroleum ether, drying, pulverizing, and sifting the product. A
sample so prepared was reported to have retained a considerable

portion of its original activity after a period of ten years. The
hydrolysis of fats with castor bean lipase simply involves mixing

from 3 to 8% of the lipase preparation with the fat, containing

from 40 to 50% of water, adding a small amount of an acid such

as acetic add, or of an activating salt such as manganese sulfate,

and permitting the mixture to stand at about 35° for twenty-four

to forty-eight horns, with frequent stirring. The hydrolysis is
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stopped by heating the mixture with steam or by the addition of

strong acids. When the hydrolyeds is completed and the mass

allowed to settle, the reaction mixture separates into three layers,

the upper layer consisting of fatty acids and any unhydrolyzed fat,

the lower layer the glycerol and water, and the middle layer an
emulsion of fat and albuminous materials. The formation of this

middle layer has always presented a great obstacle to enzyme
splitting, since it represents an appreciable loss in fatty material

and no satisfactory method has been developed to treat it effec-

tively. Altenburg^ has suggested working this layer up into

soap directly. According to Sachs, the advantage of enz3nme

splitting is that light-colored acids are obtained, essentially un-

altered in composition by the process. The disadvantages are

the loss of fatty materials occasioned by the formation of a middle

layer, the long time required for the reaction, and the fact that the

splitting is never complete. The hydrolytic reaction is reversi-

ble.132.138

Enzymes possessing fat-hydrolyzing properties have been re-

ported as present in a large number of seeds, and it is reasonable

to assume that all seeds contain such substances. It is interesting

to note, however, that the various seed enzymes appear to differ

greatly in their fat-hydrolyzing powers and in their optimum con-

ditions of operation. Fernandez and Pizarroso^^ have investi-

gated the hydrolyzing enzymes present in almonds, hazelnuts,

peanuts, walnuts, poppy and hemp seeds, com, pine kernels, and

castor beans, and have found that many of these are more active

towards lower esters than towards the fats, indicating a high

degree of esterase activity. Mastbaum has reported the pres-

ence of a fat-hydrolyzing enzyme in cola nuts. This enz3rme differs

from other plant lipases in that its hydrolyzing properties are

destroyed by water or dilute acids. He reported a similar enzyme
to be present in chestnuts, nutmegs, oats, and black pepper.

Plant lipases have been observed in papaw seeds,^*® sunflower

seeds,^*^ sweet almonds,^** and firngi.^®®* The latter were found

to be most active in slightly alkaline solutions.

The animal lipases and esterases have been the subject of a

large amount of investigational work, a detailed discussion of

which would be beyond the scope or intention of this book. The
true lipases appear to be essentially confined to the pancreas and

the intestinal tract, while the esterases are found widely dis-

tributed throughout the animal system. The ability of pancreatic
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extracts to hydrolyze fats has been known for many years, and it

has also been recognized that the reaction is reversible.^^^^^ Balls

and Matlack have observed that pancreatic lipase (steapsin) is

as effective with the ethyl esters of the fatty acids as with the fats

themsdves and that only primary ester groups are attacked, indi-

cating that the hydrolysis of a j^roup in a fat molecule is preceded

by a migration of this group to the a-position. Weber and King

have reported that the a- and i9-monoglycerides of lauric, myristic,

palmitic, and stearic acids are hydrolyzed equally well by pan-

creatic lipase. The extent of hydrolysis is increased by increasing

the amount of lipase, and Bradley has stated that the complete

hydrolysis of triolein is possible, since a definite amount of enzyme
is able to hydrolyze a definite amount of fat irrespective of the

mass of the latter. Reversion is not encountered if more than 50%
of water is employed. The enzyme functions at as low as 0° and

is inactivated at 64® or higher temperatures.^" The addition of

bile salts has an accelerating effect upon the lipase activity, which

Terroine^^^ attributed to a direct action on the enz3ane itself,

although others have considered that it simply furthers emulsifi-

cation and thus accelerates the hydrolysis without displacing the

final limit.

Pancreatic lipase is prepared by drying the pancreatic glands

with dehydrating agents such as acetone, extracting with water

or ethanol mixtures, centrifuging, and drying. The enzjrme can

be purified by adsorption on aluminum hydroxide followed by
removal with ammonium phosphate.^" A separate lipase appears

to exist in the stomach, since von Pesthy has stated that fat

digestion in the stomach is due to the presence of a specific enz3mie

secreted by that organ. There is little question but that a separate

gastric lipase exists, but although many experiments have been

performed to show its presence, it has not been separated in ar

active form. Izar has demonstrated the presence of lipases ir

many of the animal organs such as the kidneys, liver, intestines,

testes, and adrenal glands. The lungs have frequently been re-

ported to contain fat-splitting enzymes.

In addition to lipases, the various animal organs also contair

enzymes capable of splitting the lower esters but possessing littk

if any activity on the higher molecular weight esters. The besi

known of such enzymes is liver esterase. A study of the kinetici

of hydrolysis by liver esterase has shown that the speed of hy
drolysis of ethyl butyrate is proportional to the concentration o
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the eniEyxne and inversely proportionaJi to that of the ester.^”

Nogaki found that the course of the reacticm is not the some
for all estera, and that after an initial ste^ drop or sli^t rise the

reaction velocity decreases to the end of the reaction. He attrib-

uted these results to a binding of the enzyme by the various

cleavage products.

The fat-splitting activity of bacteria has been clearly demon-
strated, the enzymes appearing to have a marked hydrolytic action

on the lower molecular weight esters such as tributyrin.^^^

Collins has observed that the hydrolysis of simple triglycerides

by bacteria becomes more difficult with increase in the molecular

wei^t of the glycerides. A close relationship between the lipolytic

and proteolytic abilities was noted.

METHODS OF SEPARATION OF THE FATTY ACIDS

Our present-day knowledge of the fatty acids represents the

cuhnination of many years of study and research. No single factor

has contributed more towards this knowledge than the many in-

vestigations which have been made upon the separation of the

fatty acids, and it is safe to conclude that future advancement in

this field will be intimately associated with the development of

more effective methods for the separation of tbese adds from one

another. The many processes which have been investigated for

fatty add separation, such as crystallization of the acids or their

derivatives, distillation of the adds or thdr esters, and other

methods, can be roughly divided into two groups. The first of

these comprises those processes which are useful for analytical or

identification purposes only and which, because they are time-

consuming or costly, have either no or very limited commercial

application. The second group consists of those processes which

are adaptable to the large-scale preparation of the acids. A rigid

classification of the methods for fatty acid separation is not possi-

ble, since many of the commercial processes are also excellent

laboratory procedures and future research may convert some of

the now strictly academic methods into commerdally feasible

processes. Among the procedures which have been suggested for

the separation of the fatty acids we find distillation, crystalliasation,

pressing, graining, and centrifugation, together with combinations

of one or more of these methods. All these imit processes have

been widely employed, and each has its special advantages to-
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gether with its limitatiaiis. Probably the most satisfactory means

for obtaining pure fatty acids is not confined to a single method

of separation but combines two or more procedures. This is

particularly true in the laboratory-scale separation of fatty acid

mixtures, where a number of crystallizations are often combined

with several fractional distillations. Generally the methyl esters

of the acids are employed in the distillation procedures. The choice

of the method of separation depends quite largely upon the starting

material available and upon the object to be attained. In the

following discussion of fatty acid separations it appears logical to

consider the various unit processes separately, although we diould

realize that they can frequently be advantageously combined and

that the various methods differ greatly with regard to their prac-

tical importance.

Non-Solvent Crystallization (Graining and Pressing)

The non-solvent separation of the fatty acids depends upon the

fact that they are completely miscible in the liquid state. How-
ever, if such solutions are cooled, the higher-melting acids crystal-

lize and can then be separated from the liquid acids by suitable

mechanical means such as pressing. This process has long been

employed for the preparation of commercial stearic acids, and

the so-called double- and triple-pressed stearic acids are familiar

articles of commerce. The fatty acids of animal oils are usually

employed as the starting material in this process. Since such oils

generally contain more palmitic than stearic acid, the so-called

stearic acids obtained are actually mixtures of acids, palmitic

being present in somewhat the greater amount. The composition

of the solid and the liquid (red oil) acids obtained is dependent

upon the time and temperature of the crystallization, and upon
the temperature and efficiency of the subsequent pressing opera-

tions. The crystallization process is generally performed in a
refrigerated room, the fatty acids being contained in trays. The
temperature of the room is so adjusted that the fatty acid mixtures

are cooled slowly, in order to insure the formation of large, well-

defined ciystals. Rapid cooling must be avoided, since this results

in a crystal meal or an amorphous mass from which it is extremely

difficidt to separate the liquid adds. When the crystallization has

proceeded to the desired extent the entire mass is transferred to

a filter press and the liquid acids separated from the solid cake.

This initial pressing is conducted at a low temperature in a cold
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press and the resulting solid acids still contain an appreciable

amount of liquid unsaturated acids. The solid adds are then

transferred to a hot press and pressed at a higher temperature,

thereby removing more of the liquid acids. A repetition of this

process results in solid acids which contain only a very small

amount of unsaturated acids. Since the liquid adds from the hot

pressing operations have a composition approaching that of the

original mixture, they are returned to the crystallization trays.

The crystallization and pressing operations have been described

by Lewkowitsch and also by Dubovitz.^®® The solid adds are

generally white and somewhat crystalline in appearance and, as

before stated, consist of a mixture of palmitic and stearic adds.

The process is of general application for the separation of solid

from liquid fatty acids.

Solvent Crystallization

Solubility differences among the fatty acids or their derivatives

are frequently employed in analytical procedures and also as a

means of obtaining individual acids from fatty acid mixtures and

of purifying specific acids. The fractional crystallization of the

acids themselves or of their simple alkyl esters, in the presence of

solvents, is foimd among our earliest analytical procedures. Such

methods have recently attracted considerable attention in the

low-temperature solvent separation of unsaturated acids. A
number of the earlier analytical methods are primarily concerned

with the solubility characteristics of metallic soaps, and some of

these procedures are still extensively used today, particularly for

the laboratory separation of saturated from unsaturated acids.

In the solvent separation of any system containing two or more

substances we must appreciate that at least two factors are in-

volved. First we have the solubility of the individual substances

in the particular solvent, and second we have the mutual solubility

influences of the substances upon one another. The first of these

can be determined by actual solubility measurements; however,

the second is somewhat more complex and involves factors such

as solid-solution or mixed-ciystal formation and also association

either between the components themselves or between the com-

ponents and the solvent.

One of the earliest and most effective procedures for the sepa-

ration of solid saturated from liquid unsaturated fatty acids is

known as the Varrentrapp method, which is based upon the
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insdubility of the lead salts of the solid saturated acids in ether.

This method was first proposed by Gusserow as early as 1828.

The lead salts of myristic, palmitic, stearic, and higher saturated

adds are practically insoluble in ether, whereas those of oleic,

linoleic, and linolenic adds are appreciably soluble. By convertmg

an add mixture into its lead sdts and treating these salts with

ether, a separation of saturated from unsaturated acids can, there-

fore, be ^ected. This separation is at best rather qualitative,

since solid unsaturated adds, such as elaidic or erucic add, yield

lead salts which have a limited solubility in ether, and it has also

been observed that mutual solubility influences are encountered.

The method does, however, afford a reasonably accurate analytical

means for determining the composition of many naturally occur-

ring fatty add mixtures. After the soluble and insoluble lead soaps

are separated, the free adds are obtained from them and the com-

position of the solid and liquid acids can be determined by the

appropriate analytical procedures. A number of modifications of

the original method have been proposed.^®** ^®®‘ ^®^ Twitchell ^®*

has suggested the use of 95% ethanol instead of ether as the

solvent, and Famsteiner ^®® has recommended the use of benzene.

The Twitchell method has been investigated by Steger and

Scheffers, who reported it to be accurate only to within a few

per cent but to be preferable to the other lead salt methods previ-

ously proposed. The use of three solvents, ethanol, chloroform,

and ether, has been suggested by Seidenberg.^^^ The last two
solvents are then volatilized from the solvent mixture and the

insduble lead soaps of the saturated acids separated. It has been

observed that the lead salts of the saturated acids are more soluble

in ether than in petroleum ether,^^'^^® which indicates that the

latter is a better solvent in which to effect the separation. Several

workers 174. 176,176 called attention to the observation that the

solubilities of lead salts of saturated acids are much greater if

substantial quantities of the unsaturated lead salts are present in

the solution. It has been suggested that lead salts may exert an

isomerizing influence upon oleic acid.i77 Keffler and McLean i78

have reported that the lead salt-ether method failed to remove the

final 3 to 4% of the saturated adds from oleic acid and that the

addition of an excess of lead acetate did not render the separation

more effective. Meigen and Neuberger have reported the lead

salt-ether method to extract four-fifths of the total oleic acid and
5 to 10% of the palmitic acid from a fatty acid mixture. The lead
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salt-benzene method yielded liquid acids of iodine number 81.4

and solid adds of iodine number 4.5, from a mixture of saturated

and unsaturated acids. Although the various lead salt methods

offer analytical procedures for the investigation of fatty add mix-

tures, they are adaptable only to the separation of the solid satu-

rated acids from the liquid acids. Such methods are, therefore,

of limited value as a means for obtaining pure acids even upon a

laboratory scale, and can be considered only as methods for final

purification.

The solubility characteristics of a large number of fatty add salts

have been investigated, and many methods of separation of fatty

acids have been proposed, based upon the solubility behavior of

these various salts. Such procedures are, in general, confined to

the separation of liquid unsaturated acids such as oldc, linoldc,

and linolenic acids from solid saturated acids such as palmitic

and stearic acids. Although such methods have frequently been

investigated for the separation of one saturated acid from anoHier,

they are of limited use because of the small solubility differences

of the soaps of closely allied saturated acids. They are, therefore,

satisfactoiy for the purification of acids only when the fatty add
mixture contains a major percentage of one compound, and are

not adaptable per se to the separation of mixtures containing three

or more components. They are, however, of potential interest in

certain instances as a means of obtaining pure acids from mixtures

resulting from fractional distillation.

The solubilities of the lithium salts of the higher acids have been

intensively investigated, and several methods based upon these

solubilities have been suggested as a means of fatty acid separation.

Parthdl and Feri6^^ have proposed the fractionation of the

lithium salts of the fatty acids in ethanol as a separation pro-

cedure. Although this method has been criticized by Fahrion

and also by Famsteiner,^® it appears to have been employed

successfully by Andr4 for the separation of palmitic from stearic

acid, and Holde and Godbole have claimed the separaticm of

tetracosanoic acid from hexacosanoic acid through their lithium

salts. In the latter instance a mixture of chloroform and ethanol

was employed as the solvent. Laurie acid has been separated from

myristic add by Jacobson and Holmes, by reason of the greater

solubility kA lithium laurate in water. The higher adds present

in the mixture were separated by fractional crystallization of their

magnedum salts in 50% aqueous ethanol. These authors have
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determined the solubilities of the lithium salts of lauric, myristic,

palmitic, and stearic acids in a number of solvents. The solubility

of lithium laurate was found to be appreciably greater than that

of lithiummyristate in most of the solvents investigated. Although

lithium palmitate is more soluble than the stearate, the difference

is not so great as that exhibited by the two lower acids. For ex-

ample, the solubility in grams per 100 g. of these various salts in

water at 25° was reported to be: laurate, 0.187; myristate, 0.036;

palmitate, 0.015; and stearate, 0.010. The solubilities of the

lithium salts of these four acids in various organic solvents were

observed to be as follows: methanol (25°) 3.773, 1.680, 0.771,

0.439; ethanol (25.4°) 0.447, 0.224, 0.118, 0.089; pentanol (25.7°)

0.111, 0.046, 0.032, 0.b28; amyl acetate (25°) 0.064, 0.034, 0.024,

0.029; acetone (25°) 0.376, 0.447, 0.508, 0.706; ether (15.8°) 0.011,

0.013, 0.007, and 0.011. Caprylic and capric acids have been

separated from coconut oil fatty acids by fractional crystallization

of their lithium salts followed by fractional crystallization of their

barium salts.^" The lithium salt-acetone method has been applied

to the separation of the highly unsaturated acids of cod liver oil,^^^

of sardine oU,^** and of whale oU.^® Tsujimoto has observed

that the lithium salts of the highly unsaturated fatty acids of fish

oils are quite soluble in acetone containing 5% of water, whereas

those of the saturated or less unsaturated are not. Kefiler and

McLean have studied the lithium salt-alcohol method and have

reported that highly unsaturated acids can be removed from satu-

rated acids, although at least twelve crystallizations are required.

The solubilities of the ammonium soaps in absolute ethanol have

been proposed for use in separating oleic acid from palmitic and
stearic acids.^*^ The ammonium soaps are first formed by passing

ammonia into an ether solution of the mixed acids, the ether is

then removed by evaporation, and the soap is treated with a small

quantity of cold ethanol. The acids are obtained from the am-
monium soaps by treatment with hydrochloric acid. The use of

acetone as a solvent for the separation of the ammonium soaps has

been proposed by Bull and Fjellanger,^” and David has claimed

the separation of solid from liquid acids by the preferential solu-

bilities of the ammonium soaps in aqueous ammonia. It has been

reported that ammonium laurate and myristate are appreciably

soluble in aqueous ammonia, so that the value of this latter method
is questionable. Meigen and Neuberger^^ have observed that

the method of Bull and Fjellanger gives results varying with
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the kind and amount of the acids present, while David’s method
extracted 0.953 g. of oleic acid out of a total of 1.003 g., and the

iodine number was 82 instead of 90. A method has been sug-

gested for the separation of oleic and stearic acids by the gradual

and successive decomposition of their ammonium salts in cold

water.

The separation of oleic acid from stearic acid by virtue of the

different solubilities of their thallium salts in 95% ethanol has been

reported by Meigen and Neuberger.^” Improvements in this

method were announced two years later by Holde, Selim, and
Bleyberg,^®® who reported the solubility of thallium oleate in 96%
ethanol to be 2.254 g. per 100 g. of solvent at 15^. The solubility

in 50% ethanol at 15^ is only 0.924 g. per 100 g. of solvent and the

solubility in water at 80° is 0.3034 g. per 100 g. of solvent. Holde

and Takehara^^ have stated that the solubilities of thallium

laurate and thallium myristate in 50% ethanol are too great to

permit of their separation from the thallium salts of unsaturated

acids such as thallium oleate. The use of ether as a solvent for

the separation of the thallium salts of the fatty acids has been

suggested,^®* thallium oleate being approximately forty times more

soluble in this solvent at 30° than the stearate, and approximately

one hundred times more soluble than the laurate.

The solubilities of the potassium salts of the fatty acids in ace-

tone have been proposed by Fachini and Dorta as a means of

separating liquid from solid acids. The fatty acids are dissolved

in acetone and neutralized by the addition of potassium hydroxide

solution, the solution is then cooled to 15°, and the crystals are

separated by filtration. Modifications of this method have been

suggested by Rideal and Acland ^ and by de Waele.“^ However,

Meigen and Neuberger^^ have reported the method to give

imreliable results. The use of ethanol as a solvent for the potas-

sium salts has been proposed, Scheringa®®® having claimed the

separation of palmitic from stearic acid by treatment of their

potassium salts with ethanol. The solubility of potassium stearate

in aqueous ethanol of 96, 79.5, 66, and 49% was reported to be

0.62, 1.8, 2.6, and 4.4% respectively, whereas potassium palmitate

in the same solvents was soluble to the extent of 1.4, 6.5, 19, and

45%, at 18°. The solubility of the sodium salts in acetone has

been used as a method for the separation of the highly unsaturated

acids of fish oils from the more saturated acids.®®®*®®^
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The Bolubility behaviors of a number of other metallic soaps

have hem investigated and proposed for use in separating the

fatty adds. Oascard and Damoy have separated the fatty adds

of beeswax by the fractional crystalliiation of their caldum soaps

from ethanol, and a method for the separation of adds based on

the fractional crystallization of their caldum soaps has been

patented.^ The solubilities of the barium salts in methanol ^
and of the zinc salts in ethanol have been used to effect fatty

add separations. According to Agde,^ the zinc salts do not afford

a satisfactory means of separation. Jacobson and Holmes ^ have

reported the solubilities of the barium salts of lauric, myristic,

palmitic, and stearic acids in a number of solvents. The separation

of the highly unsaturated from the less imsaturated adds of fish

oils by reason of the differing solubilities of thdr barium salts in

benzene has been investigated.^^^ The magnesium salts have been

rather intensively studied,^^^ and these salts have proved to be df

exceptional usefulness for the separation of certain dibasic adds.^^^

Gsell has stated that caproic and caprylic acids can be separated

by means of their strontium salts.

The fractional crystallization of the acids themselves from thdr

solutions in organic solvents offers a method which shows con-

siderable promise not only for the separation of saturated from

unsaturated adds but also for the separation of an unsaturated

add from one more highly imsaturated. Although the fractional

cr3rstallization of acids from solvents such as ethanol or acetone is

broadly old, the earlier workers generally attempted separations at

only moderately reduced temperatures in somewhat concentrated

solutions, and in most cases incomplete separations were en-

countered. The recent investigations which have been made in

this field employ dilute solutions at greatly reduced temperatures,

and they are of exceptional interest since they show promise of

affording a practical method for the large-scale separation of acids,

particularly when such processes are employed subsequently to

distillation or other means of separation. Low-temperature solvent

crystallization permits not only of the removal of saturated from

unsaturated adds but also of the separation of the unsaturated

adds themselves. It has been shown by several investigators 21^215

that high molecular weight saturated acids form solid solutions

with one another, while this phenomenon is either greatly reduced

or absent when the i^stem involves a saturated add and an un-

saturated add possessing a da configuration. The trans modificar
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ticm of an uxisaturated add, on the other hand, foima a acdid-

aolution cfystem with a saturated add. Since, however, naturally

occurring unsaturated adds are of the cis form, soUd-soluticm

formation would not be evidenced between naturally occurring

saturated and unsaturated adds. The unsaturated adds them*

selves apparently do not exhibit a marked tendency toward solid-

solution formation or toward association, since a study of mix-

tures of stearic, oldc, and linoleic adds has indicated that an
increase in unsaturation is accompanied by a decreased tenden<^

toward association. It has been observed that the saturated adds
exert profound mutual solubility influences; for example,

the solubility of palmitic add in carbon tetrachloride has been

reported to be materially increased by the presence of lauric add.

Recently, Ralston and Hoerr^^ have shown that the mutual

solubility effect is due to the lowering of the melting point and is

not so great as previously supposed. Association may take place

between the adds themselves or between the adds and the solvent.

The tendency toward mixed-crystal formation has been observed

by many investigators «2.22».2a4,22i.22«,227,228 hem attributed

to association of the adds at the carboxyl group.

Solvent crystallization as a means of final purification is an old

procedure; however, only within comparatively recent years has

it been <K)nsidered as a process for separating complex fatty add
mixtures. It should be Ipome in mind that unsaturation in the

hydrocarbon chain is generally accompanied by an increased solu-

bility in organic solvents, and that the liquid saturated adds are

generally more soluble than their higher homologs. The mutual sol-

ubility influence of one add upon another can be largely explained

on the basis of a lowered melting point for the higher-melting com-

ponent. Factors such as association or solid-solution formation,

therefore, are generally antagonistic to well-defined solvent sepa-

rations. However, where these exert a minimum influence, such

as in the separation of a saturated from an unsaturated add of the

same chain length, well-defined separations are possible.

In 1910, Fachini and Dorta^ investigated the solubilities of

the fatty adds in petroleum ether at low temperatures and sug-

gested this procedure as a means of separating saturated from

unsaturated acids. The use of acetone for the crystallization of

oldc add has been investigated by Bertram,^*^ who purified this

add ly crystallization from acetone at —16®. Two years later,

Raymond reported the use of ethanol as a solvent for the same
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prooedure. The solvent separation of fatty esters and acids de-

rived from waxes has been proposed, the list of solvents em-

ployed including phmol, nitrobenzene, furfural, acetone, carbon

tetradiloride, and cyclohexanone. Wolff has studied the frac-

tional ciystallization of the fatty acids of lard, employing ethanol

as the solvent. In 1937, Brown and Stoner published their

results upon the low-temperature solvent preparation of linoleic

add. These authors subjected the fatty acids of cottonseed oil

and also of com oil to preliminary crystallizations from several

advents at —20®, which effectively removed the saturated adds.

A number of solvents were then investigated for the further sepa-

ration of the unsaturated acids. The fractionation of 10% solu-

tions of the add mixture from toluene at —70° and from ether

and acetone at —50° yielded filtrates high in linoldc acid. Suc-

cessive crystallizations at very low temperatures gave precipitates

high in linoleic acid; for example, crystallization from methanol

at —85° yielded a predpitate containing 86% of linoleic acid,

crystallization from acetone at —60° a precipitate containing 85%,
and crystallization from ethanol at —70° one containing 79%.
The predpitate from 76% aqueous acetone contained 77% of

linoleic add and the filtrate 81%. The fractional crystallization

of the methyl esters from acetone yielded a final precipitate at

—75° which contained 82% of methyl linoleate. The crystalliza-

tion of the lithium soaps from butanol and of the potassium soaps

from absolute ethanol was also investigated as a means of obtaining

linoldc add concentrates. It was concluded that the crystallizar

tion of unsaturated fatty adds from appropriate solvents at low

temperatures is a useful procedure for their separation. In 1938,

Brown and Frankel 2*® obtained a precipitate containing 93% of

linoleic acid by low-temperature solvent crystallization, and later

these authors succeeded in obtaining essentially pure linoleic

add by a preliminary separation of the fatty acids of com oil from

acetone at —20° to —50°, followed by crystallization of the linoleic

add fraction from acetone at —70°. The acid was further purified

by crystallizations from petrolemn ether at —48°, —60°, and

finally —62°. Previous to this work the only source of pure

linoleic add had been the debrommation of linoleic acid tetra-

bromides, a procedure which is open to question because of the

possibility of isomerization. However, a comparison of the

naturally occurring linoleic add with that prepared by the de-

brommation procedure has indicated that the two are essentially
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identical.^’^ The preparation of oldc acid of high purity by the

fractional solvent ciystallization of olive oil fatty adds from

acetone at low temperature has been described by Brown and
Shinowara.^’^ The method depends upon the great difference in

the solubilities of oldc and linoleic adds, the latter being found

in the various filtrates, the separation of which permits of a final

precipitation of the oldc add. Pure samples of oleic acid have

subsequently been prepared by Hartsuch and by Smith by a

similar procedure. Wheeler and Riemenschneider ^ have re-

ported the preparation of pure methyl oleate by a fractional dis-

tillation of the methyl esters of olive oil followed by low tempera-

ture crystallizations from acetone. Linolenic acid has been pre-

pared by Shinowara and Brown ^ by the fractional crystallization

of the fatty acids of linseed and perilla oils from acetone at —65^,

the linolenic acid which remained in the filtrate beiag subsequently

crystallized from petroleum ether. Later, Brown and Green®**

prepared methyl ricinoleate and ricinoleic acid from castor oil

acids by low-temperature solvent crystallization, and Shinowara

and Brown®** obtained methyl arachidonate by the fractional

crystallization from acetone of the methyl esters of suprarenal

phosphatides. The separation of eleostearic add by the solvent

crystallization of the fatty acids of tung oil has been reported by
several investigators.®**'®*®’®*^ Pure erucic ®** and brassidic ®*® adds

have been obtained by crystallization methods.

A process of separation of the saturated fatty acids throu^ thdr

anhydrides has been suggested,®^® the method being based upon

the assumption that if a mixture of saturated acids is treated with

acetyl chloride, lauric, myristic, palmitic, and stearic acids form

the corresponding simple anhydrides while caproic, caprylic, and

capric acids form mixed anhydrides. When the mixture is dissolved

in pyridine and poured into .water, the simple anhydrides will

precipitate while the mixed anhydrides remain in solution. The
use of diffusion methods for the separation of high molecular weight

saturated acids has been investigated by Heiduschka and Ripper.®*®

Distillation

The fractional distillation of fatty acid esters, particularly the

methyl esters, has been extensively employed as a means of analysis

of fatty acid mixtures, and the fractionation of the methyl esters is

frequently used for the laboratory preparation of individual acids.

Although the distillation of the fatty acid esters offers a convenient
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method for the labcffatory separation of the adds, large-scale frac-

tionation of the adds themselves offers a much more practical

process for thdr oommerdal preparation. Distillation methods

can be ^ectively employed for the separation of mixtures of fatty

adds of diffmng chain lengths, and such methods are now used

for the preparation of commerdally pure fatty adds. Although

adds of different chain lengths can be easily separated by distUla-

tion methods, the boiling points of saturated and unsaturated adds

which possess the same number of carbon atoms do not differ

suffidently to permit of their separation. Distillation of the

^ycerides themselves is not adaptable to the preparation of pure

adds because of the heterogeneous nature of the glyceride mole-

cules. The most important earlier studies concerned with the

fractional distillation of fatty acids and their esters were those

reported by Krafft and coworkers, who investigated the boiling

points of the adds and their esters under high vacuum. Caldwell

and Hurtley*^ have determined the boiling points of lauric,

myristic, palmitic, stearic, and oleic acids in the cathode vacuum,

using a Gaede pump with a Crookes tube between the recdver and

pump, and obtained values materially lower than those previously

reported. These authors stated that at a very high vacuum a

liquid has no boi ing point, but that it sublimes or evaporates, just

as water does in air, at a rate and at a temperature depending on

the nature of the substance and on the temperature to which it

is heated. The fatty adds of butter and of coconut oil were frac-

tionated by Caldwell and Hurtley using the very-low-pressure

apparatus described by them. Brown has also described an

apparatus for the distillation of the fatty acids under very high

vacuum. The separation of palmitic and stearic acids by vacuum
distillation was reported simultaneoudy by Krafft ^ and by Kreis

and Hafner.“® The separation of the fatty adds of coconut oil

and of cod liver oil by the distillation of their methyl esters

was announced several years later. The fatty adds of butter fat

have also been separated by the fractional distillation of their

methyl esters,*®^ and Elsdon ^ has separated the fatty

adds of both coconut and palm kernel oils by a similar method.

The fractional distillation of methyl esters has also been applied

to the separation of the fatty adds of cottonseed oil,^® hydro-

genated herring oil,^ human milk,®*^ chaulmoogra oil,^®® and peanut
oil.®®* Stokoe”® has also described the fractional distillation of

the methyl esters of coconut oil fatty adds, and Armstrong, Allan,
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and Moore^ have reported the separation of the fatty adds of

coconut oil and paim kernel oil by the fractional distillation of

their ethyl esters. In 1923, Brown and Beal^^" separated the

methyl esters of the fatty adds of menhaden oil by vacuum dis-

tillation and conduded that it is possible to make a rough separa-

tion of the acids according to their molecular weights by this

method. Later, Brown^ reported the separation of the methyl

esters of the fatty acids of brain lipids by fractional distillation at

pressures varying from 4 to 7 mm. The separation of the highly

unsaturated fatty adds of beef brains was attempted by the frac-

tional distillation of their methyl esters. Previously, Brown and
Ault had reported the fractional distillation of the methyl esters

of the debrominated acids of beef, hog, and sheep brains.

Although the laboratory separation of fatty acid mixtures by
the fractional distillation of either the acids or their esters has been

studied for a number of years, the separations obtained have been

quite crude. Channon, Drummond, and Golding,*® for example,

have indicated that the method is of little quantitative value. It,

therefore, became quite evident that material improvements in

distillation procedures were necessary before the full possibilities

of this method of separation could be even partially realused. It

is very fortunate that during the past fifteen years this subject

has been intensively studied and that these studies have resulted

in the development of apparatuses capable of effecting separations

with a much greater degree of accuracy than was formerly possible.

In the simple type of laboratory equipment such as flasks, un-

packed columns, and similar equipment, equilibrium between the

vapor and liquid phases is not obtained, and such factors as reflux

ratio and rate of distillation are essentially uncontrolled. Sepa-

rations performed in such equipment are consequently highly un-

satisfactory. Improvements in laboratory distillation apparatus

have been described by a number of investigators,*^^ *^®**'*'*^»*^®

and in 1930 Jantzen and Tiedcke*^ developed an electrically

heated, packed column which contained an evacuated jacket to

protect it against temperature fluctuation. The working of this

apparatus was illustrated by the separation of the methyl esters

of palmitic and stearic acids, and the device was also emidoyed
by these authors for the fractionation of the high-melting adds of

peanut oil. The apparatus was subsequently modified by later

investigators,*®'*® and an improved apparatus was later employed

by Lepkovsky, Feskov, and Ehrans *® for the separation of capiylic,
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capric, lauiic, myristic, palmitic, and erucic acids. Indications of

association were observed in the separation of the higher adds,

but their complete separation could be effected by the fractiona-

tion of their methyl esters. The separation of the methyl esters

of saturated and unsaturated adds has been described by Keffler

VfATER

it

and McLean,^^^ and distillation of the methyl esters has been

proposed as a method for the separation of certain dicarboxylic

adds.***

Modem laboratory distillation apparatus consists of an elec-

trically heated, packed column, permitting a high reflux ratio and

adjustable distillate collection, the column being packed in a

hi^y thermally insulated outer shell to minimize thermal fluctusr

tions. A diagram of a typical laboratory apparatus for the frac-

tionation of the fatty adds or their derivatives is shown in Fig. 1.

The apparatus consists of a thermally insulated, packed column
(A) attached to a distilling flask (B), receiver (E), and condenser
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(C). Standaid taper, ground-glass joints are generally employed.

The temperature at the top of the column is measured by a ther-

mometer and the pressure is measured on the manometer (F).

The distilling flask and the colunm are electrically heated, the

temperature being controlled by means of rheostats. The side

arm (D) is also electrically heated in order to prevent the distillate

from solidifying. The vacuum is obtained by a standard vacuum
pump attached to a large, evacuated steel drum in order to insure

against rapid pressure changes during the distillation. The laborar

tory columns are generally three to four feet in length and are

permanently mounted. Their efficiency depends largely upon the

type of packing material employed.

Industrial columns are usually of the bubble-cap type, the

various plates exerting a scrubbing action and thus giving the

effect of multiple distillations. This type of apparatus has too

high a hold-up for ordinary laboratory distillations and is only

adaptable to large-scale continuous work. The various packed

columns which have been developed give materially less hold-up

and are quite adaptable to the distillation of small amounts of

materials. A large amount of investigational work has been done

upon the development of various types of packing materials. In

1932, Whitmore and Lux *** described a column in which the pack-

ing consists of Lessing lings (5X5 mm.) made of 50-mesh copper

screen, and in the next year Wilson, Parker, and Laughhn^^^

described a column in which the packing consists of a glass modi-

fication of the single- and double-turn wire helices previously used.

Weston 2®* developed a fractionating column which is a modifica-

tion of that previously described by Cooper and Fasce.®^* The
extensive investigations of Podbielniak have contributed materially

to the development of efficient small-scale distillation equipment,

and many of his results are summarized in his excellent article

published in 1933.®®^ In this article he describes fractionating

columns having separate, sleevelike, metal reflector type vacuum
jackets for thermal insulation. The distilling tubes were packed
with spiral, continuous, wire coil packings, and such columns were
shown to be more effective than others of similar size which had
been previously developed. The advantage of a continuous pack-

ing was pointed out, and it was shown that such packings are

superior to a chance-arrangement, non-continuous packing.

Klem ®®® has reported the separation of the methyl esters of pal-

mitic, stearic, oleic, and elaidic adds by the use of the Podbielniak

apparatus. Fenske, Tongberg, and Quiggle ®®® have compared the
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dBxamcy of a number of types of paddng material, the materials

investigated including one-, two-, and six-turn helices, i^ass hdioes,

crimped wire, straight carding teeth, bent carding teeth, double-

oroBS wire forms, various types of rings, glass tubes, BB shot, bird

shot, and various types of rivets and jack chains. These authors

stated that of this group the better packings are the wire or glass

helices, the carding teeth, and the jack chains. The shape and

distribution oi the packing material are, undoubtedly, determina-

tive factors in the efficiency of fractionating columns, and the

importance of such factors as the contact surface and the proper

drain-back of the liquid cannot be over-emphasized. An efficient

fractionating column packed with one-tum glass helices has been

described by these authors.^ Packing material composed of wire

helices has been claimed to be extremely efficient,“^“^**®* and a

column packed with a close-fitting wire helix was used by Schoen-

heimer and Rittenberg^ for the fractionation of methyl palmitate

from methyl stearate. A simple method for preparing glass

helices suitable for packing laboratory fractionating columns has

been described.^^ The use of a fractionating column packed with

single-tum glass helices has been investigated by Longenecker^
for tl^ separation of the solid acids of beef tallow, the acids

of peanut oil, and the liquid esters of butter fat, and by Hil-

ditch and Longenecker^ for the separation of the methyl esters

of butter fat fatty adds. The use of fatty acid ester distilla-

tion methods of fat analysis has recently been reviewed by Longe-

necker.*** The conical type of packing developed by Stedman,**®

the use of which has been described by him,*** has proved to be

one of the most effective packing materials now known. A detailed

description of this t3rpe of packing, together with a number of

effidenc^ tests, has been reported by Bragg. **^ He describes this

packing as follows:

The conical t3npe of packing is made of wire cloth which has been

embossed and trimmed into flat, truncated, conical disks. A semicircu-

lar hole is cut out of one side of the cone and extends about two thirds

of the distance from the edge of the cone to the flat in the center. The
disks are welded together alternately back to back and edge to edge,

80 as to form a regular series of cells, with the holes which serve as vapor

passageways located alternately on opposite sides of the section of

packing.

Tlie canstruction of this paddng is sho^vn in Fig. 2. These

paddngs are generally fitted into 'Pyrex tubes, the tube bdng then
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placed in a highly thennally Insulated metal ccmtainer. Sudi

odumns have been found to be hi^y effidmt for the separation

of many fatty derivatives, including the adds themsdves and thdr

simple alkyl esters. The importance of the improvements which

have been made in laboratory fractionating equipment cannot be

over-emphasiaed, and many separations

which were formerly impossible can now
be performed easily and effectivdy.

The use of molecular distillation,

although essentially confined to fraction-

ation of the ^ycerides or other very

high-boiling substances, is of interest for

the separation of the high molecular weight

adds, particularly where such adds are

highly unsaturated and sensitive to high

temperatures. Molecular distillation of

the highly unsaturated acids of fish oils

has been studied by Farmer and Van
den Heuvel.*®

The large-scale separation of the fatty

adds by fractional distillation is a com-

paratively recent development. Although

the commercial distillation of the alkyl

esters of the adds has been suggested ^
as a method of separating acids, and this

method is frequently employed as a lab-

oratory procedure, it is evident that the yiq . 2. Diagram of

direct fractionation of the acids themselves Stedman type of pack-

is a much more practical process. All mg-

fractionating stills for fatty adds operate

under a high vacuum, which is necessitated by the fact that the

higher fatty adds undergo material changes at high temperatures,

and, consequently, distillation at ordinary pressures is attended

by a large amount of decompodtion. The older type of still con-

sisted of a direct-fired still pot attached to an evacuated cdumn
and condenser and operated in batch processes, the charges some-

times being as much as 10,000 lb. and the distillation rate being

maintained at approximately 1000 lb. per hour. The prolonged

heating, together with the unequal heat distribution due to the

direct firing, resulted in appreciable decarboxylation and pdy-

meiuation of the add mixture and, consequently, in the conver-
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don of a substantial portion of the fatty adds to an undesired pitch.

This reddue is termed ^'stearin pitch’’ and is of a complex and
variable compodtion ^ which depends upon the material from

which it results and its conditions of formation. The older types

of fatty add fractionating apparatus have given way to the

modem, indirectly heated, flash distillation processes which yield

highly effident separations with a minimum amount of decompod-

tion of the adds. The time of heating of the acids has been reduced

from a number of hours to a period of several minutes, and the

employment of modem heat exchangers has greatly decreased the

amount of heat required. The trandtion from the older type of

distillation apparatus to those now employed has not been easy,

and many problems, such as excesdve corrodon, improper still

dedgn, and other disturbing factors had to be overcome before

large-scale fatty add distillation became commercially practicable.

Most of the contributions which have been made upon fatty acid

distillation have been described in the patent literature, and space

does not permit a detailed treatment of all the many processes

and improvements which have been suggested.

In the modem fatty acid distOlation still the feed stock is heated

imder pressure in coils and flashed into a vacuum column contain-

ing a series of plates which give the effect of multiple distillations

and from which distilled fractions can be removed. Eithernaturally

occurring fatty add mixtures, such as the fatty adds of soybean

oil, cottonseed oil, and fish oils, or fatty add mixtures obtained

by the addulation of foots are employed as the starting material.

Generally, steam is used to lower the partial pressures of the acids

and permit of a more effective separation. Multiple-stage distilla-

tion processes employing hot furnace gases have been suggested.

The use of steam or other gaseous carriers to facilitate the distilla-

tion of high-boiling materials, such as fatty acids, has been de-

scribed by a number of investigators, among whom may be men-
tioned Bodman,*®* Pickering,*" Leimdorfer,*®® Franzen,”® and
Schonberger."® The use of organic solvents has also been fre-

quently suggested. Distillation processes employing steam have

been tiie subject of several patents the behavior of

fatty adds during steam distiUation has been investigated.®^^ The
passage of the steam through a compressor in order to raise its

temperature has been suggested.®^® A large number of processes

have been proposed and employed for the distillation of high

molecular wdght substances, and the fractionating stills suggested
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differ radically in principle and design. As previously stated, the

older type of still consisted of a stUl pot connected with a frac-

tionating column, condenser, and receiver and was generally

operated on a non-continuous principle. It has been claimed that

high-grade fatty acids can be obtained by the use of such stills,^^

817.818 although it is quite apparent that a sizable amount of feed

stock is converted to a refractory residue because of the long

period of heating and the direct firing.

In 1934, a process for distilling acids was described in which

the acid mixture was brought to a vaporizing temperature in a
confined passage and then discharged into a chamber at reduced

pressure. A process of separating the vapors from the entrained

matter was also disclosed,^ and the compression of the vapors

before being withdrawn has been suggested as a means of produc-

ing a higher vacuum during the distillation process. Goranflo

has described a process of distillation in which the feed stock is

heated to a volatilizing temperature while passing in a restricted

stream through a heating zone, and the vapors are discharged upon
an intermediate upper plate of a bubble tower. The stock then

descends in the bubble tower countercurrently to a stream of

superheated steam, and the uncondensed vapors from each plate

are passed through the bodies of liquid in the plates above. The
final vapors are then removed from the upper plate and condensed.

The operating results obtained by this process have been reported

by Tolman and Goranflo.*** Processes in which the heated stock

is introduced into the fractionating column countercurrently mth
steam have also been described by Tolman.*** A fractionating

apparatus involving an injector, flash chamber, and surface con-

denser has been described by Sieck,*** and Bergell *** has disclosed

a process in which the liquids flow in films over an upright surface,

the films being heated by radiation from a heated surface a short

distance from and surrounding the surface of the film. In 1936,

Potts and McKee **^ described a distillation process by which fatty

acid mixtures may be simultaneously and continuously separated

into a series of components of different boiling points. The process

consists of heating the stock in a heating coil to a temperature

sufficient to insure vaporization at a reduced pressure and flashing

the materials into a zone of reduced pressure. The heated vapors

pass through a series of heat-exchanging pools of condensed fatty

adds having successively lower boiling points, and the vapors

from the last pool are condensed, a portion being returned as reflux
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liquid. There may be withdrawn from any of the pools a liquid

of lower boiling pmit than that contained in the next lower pool.

Steam may be ^ployed to create a partial pressure and assist in

the vaporissation by lowering the distillation temperature. A
process inv<dving serially arranged vaporization stages has been

disclosed by Briicke,^ and McCulloch^ has proposed an arrange-

ment in which fractions of intermediate boiling range are subjected

to a stripping medium and a portion of each fraction is recirculated.

Lee^ has suggested atomizing the fe^ stock with an inert gas,

heating the atomized mist to a temperature sufficient to insure

vaporization at sub-atmospheric pressure, and expanding the

atomized mist into an evacuated column. A process of fatty add
distillation which includes coimtercurrent contact of the hot vapors

from the bottom of the still with the feed stock has been de-

scribed.**^

Light-colored distillates are generally obtained during fatty

acid distillations in spite of the fact that many of the feed stocks

employed contain substantial amounts of colored material.

Dubovitz *** has shown that the coloring material is higher boiling

than the fatty adds and is susceptible to polymerization. The
prior heat treatment of the fatty acids in the presence of hydrogen

but without substantial hydrogenation, in order to obtain color-

stable fatty adds, has been recently proposed,*** and preliminary

oxidation of the stock has also been suggested.**^

The separation of fatty acids by converting them into mixtures

of nitriles corresponding to the adds, separating the nitriles by
fractional distillation, and finally reconverting the nitriles to fatty

adds has been studied.***

Although ciystaUization and distillation procedures are the

most important methods for the separation of the fatty acids,

other processes have been proposed for the separation of specific

add mixtures. For example, Kurtz and Schaffer *** have described

the separation of hydroxy from non-hydroxy acids by heating

mixtures of their esters with dibasic acid anhydrides. The reac-

tion mixture is then dissolved in petroleum ether, and the deriva-

tive formed with the hydroxy esters is extracted with alkali.

THE IDENTIFICATION OF THE FATTY ACIDS

The methods used for the identification of pure organic com-
pounds and for ascertaining the components of mixtures are gen-
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erally familiar to all chemists. Physical constants such as the

melting points, refractive indices, and specific gravities are uni-

versally recognized as contributing to the identification of organic

compounds. The preparation q£ a characterizing derivative fre-

quently offers further proof of the identity and purity of the com-

pound in question. Unfortunately, very few acceptable deriva-

tives of the unsatiurated fatty adds have been described; however,

a number of investigators have developed derivatives of the satu-

rated adds which have proved to be very useful in the identifica-

tion of these compounds. The close structural similarity of the

various series of fatty acids has made possible the use of a number
of analytical procedures which have proved to be of great value,

and several of these are recognized as standard constants in the

fatty add field. Such constants as the neutralization equivalent,

the iodine number, the acetyl value, and the more recent thiocya-

nate number are well-known terms and have been applied to the

fats and fatty adds for many years. Without attempting to de-

tract from the usefulness of such analytical constants it should be

pointed out that they are not, per se, proof of the identity or

purity of an individual acid. For instance, an equimolecular mix-

ture of palmitic and stearic acids will possess the neutralization

equivalent of margaric acid, and a mixture of unsaturated acids

may possess the theoretical iodine number of oleic acid.

Physical Constants

The physical constants of the fatty acids are determined by
procedures similar to those generally employed with other types

of organic compounds, and a detailed discussion of such methods

is probably not necessary. A very satisfactory procedure for the

determination of the melting point, where a sufficient amount of

sample is available, is to obtain a heating curve. The sample is

placed in a test tube which is then immersed in a heating bath,

and the temperature of the sample is raised slowly, the temperature

being measured either by an accurate thermometer or by a poten-

tiometer. A plot of the sample temperature against time shows a
thermal halt at the transition point, the value and length of the

halt indicating not only the melting point of the sample but also

its purity. The determination of the freezing point by obtaining a
cooling curve has been observed by the author to be a very satis-

factory procedure, the purity of a sample being easily ascertained

by this method. The values obtained are easily reproducible, and
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very wmfl.ll amounts of impurities can be detected by this pro-

cedure. Mixed melting points are often of questionable value for

the higher acids and*their derivatives, since significant melting

point depressions are not always observed.

The boiling point of an organic compoimd is, in most cases, a

recognized and characteristic constant and is frequently used as

an aid to its identification. The accurate determination of the

boiling point is, however, a somewhat difficult process, and its

value as a physical constant, particularly for the identification of

the higher molecular weight acids, is somewhat questionable. This

is due to the fact that the boiling points of acids containing the

same number of carbon atoms, but differing in the degree of un-

saturation, are so similar that a distinction between such acids or

their simple derivatives by this method is extremely difficult.

Since fractional distillation is a recognized method for separating

acids, the boiling points of the adds or of their esters are frequently

obtained incidental to their separation and purification. An
apparatus for the determination of the boiling points of high

molecular weight compounds has been described, and Pool and
Ralston *** have reported the boiling points of the saturated fatty

acids containing from six to eighteen carbon atoms inclusive at

pressures varying from 1 to 760 mm. (see Chapter V, Table

XXXVIII).
The refractive index is one of the most accurately and easily

obtained physical constants, and, where an acceptable orienting

value is available, the refractive index is of great value as an aid

to the identification of a fatty acid or its derivative. Since the

refractive index is materially influenced by the presence of impuri-

ties, the purification of many of the fatty acids or their derivatives

can easily be followed by the determination of this constant. The
refractive indices, ni), of the normal saturate fatty acids, together

with their molar refractivities and densities at 80°, have recently

been reported.

A

discussion of these values is contained in

Chapter V.

Analytical Methods *

The various chemical constants which are employed for the

study of the fatty acids or their mixtures are of great technical and
practical importance, and, although they fall short of a positive

* For a more complete description of the methods employed for the deter-

mination of the various analytical constants of the fatty acids, the reader is

referred to Lewkowitsch, Chemical Technology and Analysis of ChlSf Fats and
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identification, their value as auxiliary constants is unquestioned.

Such constants as the neutralization value, the iodine number,

or the acetyl value are universally employed in fatty add work.

They are of particular usefulness where one is dealing with fatty

acid mixtures, the determination of whose actual composition

would be essentially impossible or would involve time-consuming

and difficult analytical procedures. Chemical constants such as

the iodine number, therefore, have a definite place in the investiga-

tion of the fatty acids, and their usefulness as analytical tools will

probably continue indefinitely.

The neutralization value of a fatty acid is defined as the number
of TTiilligrRmR of potassium hydroxide required to neutralize 1 g.

of the fatty acid. The value is determined by weighing the add
sample into an Erlenmeyer fiask, adding neutral ethanol, and

heating gently until the add is completely dissolved. The sample

is then titrated with a standardized potassium hydroxide solution

using phenolphthalein as the indicator. The mean molecular

wei^t can be calculated from the neutralization value.

The iodine number is, perhaps, the most widely employed con-

stant in all analytical work involving the fats or fatty acids. This

constant is based upon the ability of an imsaturated carbon-to-

carbon bond to add halogen and is, therefore, a measure of the

degree of unsaturation of a fat or fatty acid. By definition, the

iodine number is the number of grams of iodine absorbed by
100 g. of a fat or fatty acid. A large munber of procedures have

been suggested for determining this value, and that proposed by
Wijs is most generally employed. The forerunner of the iodine

number was the bromine number originally suggested by Mills and
Snodgrass; however, the tendency of bromine to be introduced

by substitution renders the results obtained by this method of

somewhat doubtful value. In 1884, Hiibl ^ proposed a method
for determining the amount of unsaturation based upon the

absorption of iodine in alcoholic solution in the presence of mer-

curic chloride, the actual halogenating agent probably being iodine

monochloride, which is formed by the following reaction:

HgCl2 "h 2I2 —

>

Hgl2 2IC1

The Wijs method can be considered as a modification of the

Waxes, 6th ed., Vol. 1, Macmillan and Co., London (1921); Jamieson, Vegetable

Fats and Ods, 2nd ed., A.C.S. Monograph No. 58, l^inhold Publishing Corp.,

New York (1943); Official and Tentative Methods of the American Od Chemists*

Society (1941).
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original Habl procedure, rinoe Wijs’ soluticm consiBts essentially

of a solution of iodine monochloride in glacial acetic acid. It is

prepared by dissolving 13 g. of resublimed iodine in 1 1. of g^ial

acetic add, titrating an aliquot portion, and then passing in dry

chlorine until the original titration value is ahnost doubled. It is

advisable to vdthhold a small portion of the sdution and add this

at the completion of the chlorination, since it is desirable to have

a slight excess of iodine present in the finished reagent. The deter-

mination ci the iodine number is performed by adding a small

sample (0.2 g.) of the material imder investigation to 15 cc. of

chloroform and then adding 25 cc. of the standardised Wijs re-

agent. The solution is then allowed to remainm the dark for thirty

minutes after which 15 cc. of potassium iodide solution (15%) and
75 cc. of water are added and the liberated iodine titrated with a
standardised thiosulfate solution, using starch as the indicator.

The method proposed by HanuS employs iodine monobromide
rather than the monochloride as the addition agent. Hanufi’ solu-

tion is prepared by adding bromine to a glacial acetic acid soluticm

of iodine, the amount of bromine added being sufficient to double

the original titration value. This reagent is often preferred be-

cause of its keeping qualities; however, the values obtained by its

use are generally somewhat lower than those resulting from the

use of Wijs’ solution. It should be remembered that acids oaor

taining acetylenic bonds or conjugated unsaturation add the

theoretical amount of iodine with great difficulty.

The thiocyanogen value originally proposed by Kaufmann is

frequently employed in conjimcticai with the iodine number for

the determination of the composition of mixtures of unsaturated

acids. The method is based upon the finding that thiocyanogen

adds to the ethylenic bond of oleic acid but that only one of the

double boiids of linoleic and two of linolenic acid are reactive.

Since iodine adds to all the double bonds, a determination of both

the iodine and the thiocyanogen values permits of the calculation

of the percentages of oleic, linoleic, and lindenic adds in a mixture

containing these acids. It has been found that, althou^ the

experimental value agrees dosely with the theoretical value for

oleic acid, the thiocyanogen numbers of linoleic and linolenic adds
present in a mixture containing lliese acids differ from the theo-

retical values and are quite sensitive to the experimental conditions

employed. Riemenschndder, Swift, and Sando have
investigated the thiocyanogen values of the methyl esters of oleic.
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linoleio, and linolenic acids and have suggested the values of 89.4

for oleic add, 93.9 for linoldc add, and 162.0 for linolenic add if

0.1Ar thiocyanate solutions are used, and 89.4, 96.8, and 167.5, re-

spectively, whu 0.2iV solutions are employed. The method of

preparation of tiie lead thiocyanate solution and the procedure

employed in the detennination of the thiocyanogen value, to-

gether with the methods used for calculating the results, have been

discussed in detail elsewhere."*^”^®*

In addition to the anal3rtical procedures of rather general appli-

cation, a number of methods have been developed which are useful

in determining the amount of specific types of adds present in an

acid mixture. The addition of maleic anhydride to a conjugated

system is employed as a measure of the percentage of conjugated

unsaturated adds in an add mixture. The application of the

Diels-Alder reacticm to the analyds of fatty adds and fats was first

suggested by Kaufmann and coworkers, and a simplified and

quite satisfactory procedure for the determination of diene values

has been reported by Ellis and Jones.*“

The detennination of the acetyl value is the commonly accepted

procedure for the estimation of hydroxy adds. The method is

based upon the esterification of the hydroxyl group of a hydroxy

acid by acetic anhydride, followed by saponification of the acylated

add with a known amount of potassium hydroxide and determina-

tion of the excess alkali by titration with standardized hydrochloric

add solution, using phenolphthalein as the indicator. When
determining the acetyl value of a fatty add or of a mixture of fatty

adds, it is, of coiuse, necessary to subtract the acid value. The
acetyl value is defined as the number of milligrams of potassium

hydroxide required for the neutralization of the acetic acid ob-

tained on saponifying one gram of an acylated fat. The method
has been studied in detail by a number of investigators,**®* ®“***^*.

S58.8M gjid mi official method for the determination of this constant

has been adopted.*®®

Qiaracterizing Derivatives

The preparation of a previously described derivative is one of

the recognized methods for establishing the identity and purity

of an organic compound. A satisfactory derivative should be a

wtil-defined and easily prepared crystalUne solid. In addition, its

melting point should dffier sufficiently from the melting points of

closely allied compounds to be useful as a basis for distinguishing
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between them, and its mixed melting points should be decidedly

lower than that of the pure derivative. The problem of finding

satisfactoiy derivatives for the lower members of the saturated

fatty acid series has not been extremely difi&cult, and a number of

excellent derivatives have been described. Since, however, the

differences between the individual members of the series become

relatively less with increase in molecular weight, few satisfactory

derivatives for the higher acids are known. These adds are so

similar that, in spite of the fact that quite a number of derivatives

have been proposed, few, if any, are entirely satisfactory. The
search for qualifying derivatives for the higher fatty adds diould

be continued. It should be borne in mind that any crystalline

compound which can be prepared from a fatty acid is a potential

derivative; however, in many instances, the compounds are so

difficult and time-consuming to prepare that they are of little value

for this purpose. The derivatives described below include those

compounds which have been proposed as characterizing derivatives

for distinguishing one fatty acid from another and which have

been prepared from a sufficient number of fatty acids to indicate

their value in characterizing the individual members of a homolo-

gous series.

The amides and related compounds such as the anilides have

been frequently suggested as characterizing derivatives for the

saturated fatty acids. The amides can be prepared by passing

ammonia into the adds at 190-210® for ten to fourteen hours.

Although this is best done under pressure, it can be accomplished

in an open flask if a continuous stream of ammonia is present.

When only small amounts of material are available, it is advisable

first to prepare the acid chloride and treat this with ammonia in

the presence of a non-hydrolyzing solvent. The anilides, p-tolu-

idides, and similar derivatives are also best prepared through the

fatty acid chlorides. Robertson has prepared the amides,

anilides, p-toluidides, o-toluidides, o-bromo-p-toluidides, p-bromo-

anilides, 2,4,6-tiibromoamlides, jS-naphthylamides, and the o-

bromo-jS-naphthylamides of the saturated acids. The melting

points reported are shown in Table II.

The solubilities of several aliphatic amides in a number of organic

solvents have been recently reported by Ralston, Hoerr, and

These authors observed the {reerin^ points of the amides
containing an even number of carbon atoms to be as follows:

capiylamide, 106.9®; capramide, 98.5®; lauramide, 102.4®; myrist-
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amide, 105.1^; palmitamide, 107.0^; and stearamide, 109.7^. The
aliphatic amides are peculiar in that there is little relationship

between the molecular weight of an amide and its melting point,

and also in that the melting point range of the entire series covers

only a few degrees. They are, therefore, of little value as deriva-

tives for establishing the identity of any particular acid. The data

shown in Table II indicate that the same comments apply to the

anilides, p-toluidides, and other similar derivatives. Hann and

Jamieson have proposed the 2-methyl-5-isopropylanilides as

derivatives for the fatty acids. These are prepared by treating

the fatty acid chlorides dissolved in ether with an excess of cymi-

dine (2-methyl-5-isopropylaniline). The melting points reported

are as follows: lauric, 82-83°; m3nistic, 88-89°; palmitic, 90-91°;

stearic, 93-94°; arachidic, 81-82°; and lignoceric, 84-86°. The
fact that the 2-methyl-5-isopropylanilides of arachidic and ligno-

ceric acids have lower melting points.than those of m3rristic and

palmitic acids renders their value as derivatives quite question-

able. Bryant and Mitchell ^ have made some crystallographic

studies of the p-bromoanilides of a number of acids; however, the

only fatty acid investigated was n^valeric acid.

The p-nitrobenzyl esters of several fatty acids have been pre-

pared by Lyons and Reid by methods previously described.*®®

The p-nitrobenzyl ester of palmitic add melts at 42-42.5°, whereas

oleic, erudc, and linoleic acids give oily esters. These authors were

unable to prepare a satisfactory derivative from margaric or stearic

acid by this method. The p-nitrobenzyl esters of several dibasic

acids have been prepared by Kelly and Segura,*®^ who reported the

following melting points: glutarate, 69°; adipate, 105.6°; suberate,

85°; and azelate, 43.8°. The phenacyl esters originally proposed

by Rather and Reid *®* have been extensively investigated and
have proved to be valuable derivatives for the identification of

the lower fatty adds. A number of p-halophenacyl esters were

later described,*®® and Rather and Reid *^® have suggested their

use for the separation of the fatty acids. The phenacyl esters are

easily prepared by the action of the phenacyl bromide upon the

sodium salt of an add in aqueous ethanol, the reaction being as

follows:

p-XC6H4COCH2Br + NaOCOR p-XC«H4COCHsOCOR + NaBr

The preparation of the phenacyl, p-chlorophenacyl, and p-bromo-
phenacyl esters of lauric, myristic, palmitic, stearic, arachidic, and
lignoceric adds has been reported.*^ Drake and Bronitsky,*^ who
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prepared the phenaeyl and p-halophenacyl esters of a number of

fatty acids, have commented that the melting points of the esters

for any given acid increase as the para substituent is varied from

hydrogen to chlorine, to bromine, to iodine. The iodophenacyl

esters possess the highest melting point, but these authors con-

sidered that for the higher acids they are still not sufficiently high

to be easily purified by crystallization. They have, therefore,

suggested the p-phenylphenacyl esters as derivatives, since they

were idiown to possess somewhat higher melting points than other

phenaeyl esters previously reported. Lundquist has reported

the phenaeyl ester of heptanoic acid to be a liquid. An extensive

investigation of the p-halophena(^l esters was made by Moses and

Reid in 1932. The melting points of the phenaeyl and substi-

tuted phenaeyl esters which have been reported are listed in

Table III.

TABLE III

Melting Points of Phenacyl, p-Halophenacyl, and p-Phenylphenacyl
Estebb of Normal Saturated Aliphatic Acids, ‘'C.

p-Chloro- p-Bromo- p-Iodo- p-Phenyl-

Phenacyl phenacyl phenacyl phenacyl phenacyl

Acid Ester Ester Ester Ester Ester

Acetic 40 72.4 86.0 117.0 111 0
Propionic 98.2 63.4 98.0 102 0
Butyric Oil 55 0 63.0 81.5 97.0

Valeric Oil 97.8 75.0 81.0 63.5

Caproic 62.0 72.0 84.0 65.0

Enanthic Oil 65.0 72.0 78.8 62.0

Caprylic 63.0 67.4 79.2 67.0
Pelargonic 59.0 68.5 77.0
Capnc 61 6 67.0 82.0

Undecanoic 60.2 68.2 81.8

Laurie 48.9 70.0 76.0 85.8 84

Tndecanoic 67.0 75.0 88.5

Myristic 56 76.0 81.0 89.8 90

Pentadecanoic 74.0 77.2 93.0

Palmitic 63.0 82.0 86.0 94.2 94

Margaric 78.8 82.6 92.0 91

Stearic 69.0 86.0 90.0 97.2 97
Arachidic 85-86 86.0 89

Lignoceric 87-88 99-100 90-91

A study of the melting points of the esters included in Table 111

shows that the substituted phenaqyl esters are reasonably satis-

factoiy derivatives for the higher fatty acids. Both the p-bromo-

and p-iodophenacyl esters of palmitic and stearic adds differ by
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about four degrees in melting pdbts, which is probably sufficient

for purposes of characterization. Unfortunately, no mixed melting

point data have been reported for these esters, and their value as

derivatives depends quite largely upon the extent of the melting

point depression. The substituted phenacyl esters of the adds of

the oldc series have been described by Kimura,®^® who reported

the following melting points: p-phenylphenacyl esters, oleate, 61®;

erucate, 76®; cetoleate, 72.6®; jMjhlorophenacyl esters, oleate, 40®;

erucate, 56®; cetoleate, 54.5®; p-bromophenacyl esters, oleate, 46®;

erucate, 62.6®; cetoleate, 60.6®. From these values it is evident

that any of these derivatives would be suitable for the identifica-

tion of oleic and erucic acids. The phenacyl and p-bromophenacyl

esters of a number of dibasic adds have been reported by Kelly and

Kleff,®^* and the p-phenylphenacyl esters by Drake and Sweeney.®^

The melting points reported by these investigators are shown in

Table IV.
TABLE IV

MEi;nNa Points of Phenacyl, p-Bromophenacyl, and p-Phenylphenacyl
Esters of Dibasic Acids, ‘*0.

p-Bromo-
Phenacyl phenacyl 2?-Phenylphenacyl

Acid Ester Ester Ester

Malonic 175

Glutanc 136.8 152

Adipic 87.6 154.5 148

Pimelic 72 4 136.6 145-148 (decomp.)

Subenc 102 4 144.2 151

Azelaic 69 7 130.6 141

Sebacic 80.4 140

It will be noted that the melting points of the phenacyl and
p-bromophenacyl esters of dibasic adds which contain an uneven
number of carbon atoms are materially lower than those of the

adjacent even acids. The p-phenylphenacyl esters cannot be con-

sidered as satisfactoiy derivatives for the dibasic acids because of

the close agreement in melting points between the adipate and
suberate, and also between the azelate and sebacate. Although
the phenacyl esters of dibadc acids possess much lower melting

points than the substituted esters, the difference between individual

members is sufficiently great to permit an identification. The
various substituted phenacyl esters merit further investigation as

derivatives, not only for the saturated mono- and dibasic adds
but also for the unsaturated acids.
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The aiylhydrazides of a number of higher fatty adds have been

studied by Vesely and Haas.*^^ These investigations were under-

taken with the view of utilizing the hydrazides not only for the

identification of the fatty acids but also for effecting their separa-

tion. In general, however, the solubilities of the hydrazides were

found to be too similar to accomplish this latter purpose. The
hydrazides were prepared by a method proposed by Strache and
Iritzer,’^ which consists of refluxing the adds with a 50% excess

of the hydrazine for about one hour at 130-140^. The reaction is

as follows:

RNHNHa + RCO2H RNHNHCOR + HgO

The mdting points of the hydrazides prepared by these authors are

given in Table V.
TABLE V

Melting Points of Hydrazides of Some Fatty Acids, °C.

Hydraude

a/i-Methyl- Phenyl- 2,4-Xylyl-

Acid Phenyl- ^Naphthyl- phenyl- Diphenyl- ditolyl- phenyl-

Launc 10&-106 136 56

Msmstie 108 139 63 •

PalmiUo 109 135 74 124

Steano 110 132-133 78 5 122 5 115-116 119-120

Oleic 91-93 83-86 78-79 92-03

Erucic 82-83 107 74 88
Braasidic 98 121-122 69 106

Pollard, Adelson, and Bain ^ have investigated the piperazine

salts of several dibasic acids and of the lower molecular weight

fatty acids. These salts are prepared by adding 0.06 mole of

piperazine hexahydrate to 0.1 mole of the acid, washing the product

with ether, and crystallizing from the appropriate solvent. The
reaction involved is as follows:

H
N

^CH*
I + 2RCOsH —
CH2

V"
H

CO2R

H,C^

NHt

<Wi

CHa

(!:Ht

The following melting points were reported for the piperazine

salts of several monobasic acids: 1,4-dibutyrate, 121-122®; 1,4-

divalerate, 112.6-113®; 1,4-dicaproate, 111-111.5®; and 1,4-dihepta-
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noate^ 95^^. Since no salts (rf the higher adds were prepared the

evaluation of this derivative is difficult. The use of S-beo^l-

<
H-HC1

y
for the identification

H2
of aliphatic acids has been suggested,*^ and the salts of lauric,

myiistic, palmitic, and stearic adds were reported to melt at 141^,

139^, 141^, and 143^, respectively. It is apparent that these melt-

ing points do not differ sufficimtly to be useful for the identification

of the higher acids. The salts of ben2ylamine have been proposed

as acid derivatives; however, only the caproate has been prepared

in the fatty add series.

The 2-alkylbenzimidazoles, prepared by the reaction of the fatty

acids with o-phenylenediamine, have recently been suggested

as derivatives for the identification of aliphatic acids. The reac-

tion involved in their preparation is as follows:

Cc
,NHv

+ 2H2O

It was observed that with the lower members of the series the melt-

ing point interval between adjacent members was large and there

TABLE VI

Constants fob 2-ALKYiiBENZiMiDAZOLES

Acid M.P., ®C.

Mixed M.P. with

Next Higher Hoxnolog

Formic 172.0-173.0 130-132

Acetic 177.0-177.5 157-158

Propionic 174.5 155-156

Butync 157.0-157.5 141-143

Valeric 155.0-155.5 152-153

Caproic 163.0-163.5 138-143

Enanthic 137.5-138.0 132-135

Caprylic 144.5-145.0 136-137

Pelargomc 139.5-140.5 • 128-131

Capric 127.0-127.5 117-120

Undecanoic 114.0-114.5 106-107

Laurie 107.5 107-108

Tridecanoic 109.0-109.5 105-106

Mynstic 105.0-105.5 100-102

Pentadecanoic 98.5-99.5 97-98
Palmitic 96.5-97.0 94-96

Heptadecanoic 93.5-94.5 93-94

Steanc 93.5-94.5
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was confflderable depressioii in the melting point of mixtures at

adjacent members. The 2-alkylbenzimidazoIes of the adds above

lauric add, however, do not offer a very satisfaetoiy means of

distinguishing these acids from one another because of the small

diffeimces in melting points of the higher members. The melting

points and mixed melting points of the 2-alkylbenzimidazoles are

shown in Table VI.

In 1939, Ralston and McCorkle *** proposed the use of 4,4'-

diaminodiphenylmethane as a reagent for the identification of

monobadc saturated aliphatic adds. The diamides are prepared

by heating one part of 4,4'-diaminodiphenylmethane with slightly

more than two parts of the acids. Although the low^ acids require

refiuxing, a few minutes heating is suffident to prepare the diamides

of the higher adds. The products are crystallized from a mixture

of benzene and methanol or from benzene and 1-butanol. These

diamides are easily prepared and purified and have proved to be

reasonably satisfactory derivatives. The melting points and
mixed melting points of the diamides are shown in Table VII.

TABLE VII

Constants for Diamides of 4,4'-Diaminodiphenylmethane

Acid , M.P., ®C.

Mixed M.P. with Next
Higher Homolog

Acetic 227-228 205-210

Propionic 212-213 188-193

Butync 197-198 185-188

Valeric 188-189 179-181

Caproic 183-186 179-181

Enanthic 183-184 176-178

Caprylic 182-183 176-179

Pelargonic 176-177 175-177

Capnc 178^179 173-175

Undecanoic 175-176 172-174

Launc 174-176 171-173

Tndecanoic 172-173 170-172

Mynstic 170-171 167-169

Pentadecanoic 167-168 166-168

Palmitic 167-168 164-166

Heptadecanoic 164^166 163-165

Stearic 164-165

Recently, Gilman and Ford have prepared an imposing
number of derivatives of lauric, myristic, palmitic, and stearic

acids with the purpose of studying their suitability for characteri-
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wtion of the high molecular weight fatty adds. The derivatives

investigated by these authors are as follows: N-acylcarbazoles,

N-apylphenothiazines, N-acyl-p-toluenesulfonamides, p~phenyU

phenacyl esters, p-nitroanilides, N-acylsaccharines, 2,4-dinitro-

phenylhydrazides, N-acyl-2-nitro-p-toluidides, p-tolylmercuric

salts, phenylmercuric salts, triphenyllead salts, monoureides,

p-xenylamides, p-acylbiphenyls, 2,8-diacylcarbazoles, p-acylamino-

benzoic acids, acylated aminodibenzofuranes, and sy77^Kliacylbenzi-

dines. Of this large number of derivatives the N-acylcarbazoles

and the N-acyl-p-toluenesulfonamides were considered to be the

most satisfactory, dnce they are easily prepared and show a

difference of three to five degrees in the melting points between

adjacent members and a mixed melting point depression of from

four to eight degrees. The former are prepared by heating 0.01

mole of carbazole with 0.01 mole of the acid chloride at 100-150^

until hydrogen chloride ceases to be evolved, and the latter are

obtained by heating equivalent quantities of the acid chloride

and p-toluenesulfonamide for two hours at 100-125^. The melting

points of the N-acylcarbazoles are shown in Table VIII and of

the N-acyl-p-toluenesulfonamides in Table IX.

TABLE VIII

N-AcTLCARBAZOLES

Compound M.P., ®C.

Mixed M.P. with

Next Higher Derivative

N-Lauroylcarbazole 78^79 68-72

N-Mynstoylcarbazole 81-82 78-78

N-Palmitoylcarbazole 85^ 75-78

N-Stearoylcarbazole 91-92

TABLE IX

N-Actl-p-toluenesulfonamides

Acid M.P., °C.

Mixed M.P. with Next
Higher Derivative

Laurie 88-84 70-73

Mynstic 89-90 75-78

Palmitic 98-94 88-85

Stearic 98-99

Data similar to that contained in Tables VIII and IX were

presented by these authors for all the derivatives investigated,

and the reader is referred to the original article for the physical

constants and the various details of preparation.
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V

THE STRUCTURE AND PHYSICAL

PROPERTIES OF THE FATTY ACIDS

When Baeyer^ in 1877 stated that the melting points of the

fatty acids do not increase uniformly with progressive increase in

chain lengths but apparently form two series, one for those acids

which contain an even number of carbon atoms and another for

those which contain an odd number, he initiated a fundamental

study of fatty acid molecular structure and turned the attention

of both chemists and physicists to the many correlations which

exist between the physico-chemical properties of these acids and

their molecular configurations. Studies of the relationships be-

tween the chain lengths of fatty acid molecules and their physico-

chemical properties in the solid state, such as melting points, heats

of crystallization, and molecular volumes, have provided many
clues to their physical structure. The many x-ray investigations

which have been made both upon crystals and upon films of fatty

acids have permitted calculations of their atomic and molecular

distances and of the constitution of their unit cells. Such data

have afforded an insight into the actual arrangement of the carbon

atoms in the acid molecules and the positions of the various mole-

cules in the unit cells. Information obtained from x-ray and other

studies has served to explain the phenomenon of polymorphism

and to interpret this phenomenon in terms of the atomic configura-

tion of the fatty acid molecule. We are, therefore, indebted both

to the chemist and to the physicist for our present knowledge of

the molecular structure of fatty acids. Although much is already

known concerning this interesting subject, much still remains to

be learned, and most of the questions which still exist can only be

answered by the combined efforts of physicists and chemists. In

the following discussion the author has endeavored not only to

present the most important and useful data pertaining to the

phyfflco-chemical properties of the various series of acids but also

322



PHYSICAL PEOPERTIES IN THE SOLID STATE

to point out the relationship between the physical constants and

molecular structures of the adds and some of their derivatives.

The reader should bear in mind that the physico-chemical proper-

ties of the fatty acids, particularly those properties which rdate

to the solid state, are manifestations of the molecular configura-

tions of the acids themselves. A mere tabulation of these proper-

ties, therefore, without reference to their usefulness in the inter-

pretation of molecular structures, would disregard much of their

actual meaning and importance.

THE PHYSICAL PROPERTIES OF FATTY ACIDS IN THE
SOLID STATE

Our present knowledge of the structure of fatty acids has largely

been derived from the numerous studies of their physico-chemical

properties in the solid state. Most of these studies have been

concerned with the saturated acids, since these offer a perfect

example of a homologous series whose individual members can be

TABLE I

Freezing Points of Saturated Monocarboxtuc Acids

No. of C No. of C
Atoms F.P., ^C. Atoms F.P., ®C.

6 -3.24 21 75.2 (m.p.)

7 -6.26 22 79.70

8 16 30 23 78.7

9 12.25 24 83.90

10 31 24 25 82.91

11 28 13 26 87.4

12 43.92 27 87.0

13 41.76 28 90.5

14 54.10 29 90.3

15 52.54 30 93.6

16 62.74 31 92.6

17 60.94 32 95.5

18 69.60 34 98.0

19 69.5 35 98.0

20 74.2 36 99.7

* The values recorded in this table have been reported by Francis, Piper,

and Malkin, Proc. Roy. Soc. {London), 128A, 214 (1930); Deffet, BvU. soc.

cMm. Bdg., 40, 386 (1931); Piper, Chibnall, and Williams, Btodfiem. J., 28,

2176 (1934); F^cis and Piper, /. Am, Chem. Soc., 61, 577 (1939); Pool and
Ralston, Ind. Eng. Chem., 34, 1104 (1942); Ralston and Hoerr, J, Org. Chem.,

7, 546 (1942).
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obtained in a state of high purity. Those saturated fatty acids

which contain six or more carbon atoms are either solids at ordinary

temperatures or are relatively high-boiling liquids which can easily

be crystallized.

Alternation in the Properties of Long-Chain Compounds

The freezing points of the monocarboxylic saturated acids con-

taining from six to thirty-six carbon atoms are shown in Table I.

Fig. 1. Freezing points of saturated monocarboxylic acids.

The plot of these freezing points against the number of carbon

atoms in the adds (Fig. 1) shows that these values do not increase

uniformly with successive additions of carbon atoms, but that they

aJtAmate from odd to even acids in such a manner that the freez-

ing points of the even acids fall upon one curve and those of the

odd adds upon another. It will be noted that the curve formed

by the even adds is above that formed by the odd acids, and that

the alternation becomes less as the series is ascended. This altema-

tion appears in many of the properties of the fatty adds in the
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solid state. For example, the heats of ciystallization of the satu-

rated acids as reported by Gamer and coworkers (Table II)

show a decided alternation.

When these values are plotted against the carbon content of

the acids (Fig. 2), they fall upon two curves which differ from

TABLE II

Heats of Cbtstallization of Satubated Monocabboxtlic Acn>s

No. of Heat of Crystallization

3 Atoms Cal./Mole

1 2.52

2 2.77

3 2.26

4 2.64

5 ,

6 3.60

7 3.58

8 5.11

9 4 85

10 6 69

11 5.99

12 8 75

13 8.02

14 10 74

15 10.30

16 12.98

17 12.22

18 13.49*

19

20 16 95

21

22 18.75

23 17.60

24 21.10

25 20.00

* Bruner, Ber., 27, 2102 (1894). Since the melting point of the acid was
reported to be 64°, this value is probably low.

those formed by the freezing points in that they do not converge

at the higher members but form two nearly parallel curves for

the acids containing ten or more carbon atoms, the increments

approaching a constant value.

The heats of crystallization of the even members can be ex-

pressed by the equation Q = l.OSOn — 3.61, and of the odd mem-
bers by the equation Q = 0.9651n — 4.49, where n equals the
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number ci carbon atoms. Q/T is essentially linear m both cases,

bdng expressed by Q/T » 0.002652n — 0.0043 for the even adds

and Q/T = 0.002605n — 0.0071 for the odd acids. The values of

the setting points T, calculated from the above expresdons, are

in reasonable agreement with the observed values. The conver-

gence temperatures have been calculated to be 115.5° for the even

and 112.2° for the odd acids.

Fig. 2. Heats of crystallization of saturated monocarboxylic acids.

Alternation in the properties of the solid state is a phenomenon
which is apparently characteristic of most series of straight-chain

aliphatic compounds. Thus, Falrweather ^ has shown that the

melting points of the dicarboxylic acids show a marked alterna-

tion, those containing an even number of carbon atoms falling

upon a curve with a downward slope whereas the odd members fall

upon a riedng curve. The alternation becomes quite small, how-

ever, for those dicarboxylic acids containing twenty or more carbon

atoms. The reported melting points for the dicarboxylic acids

containing from four to nineteen carbon atoms inclusive are shown
in Table III and are plotted in Fig. 3. It does not necessarily

follow that the odd members ctf an alternating series possess lower

melting points than the adjacent even members. For example.



ALTERNATION 827

TABLE III •

Mbuxino Points of Dicabboxtxjc Acids

' C Atoms M.P., ‘’C.

4 185

5 97.5

6 153

7 105.7

8 140

9 107

10 133

11 111

12 129

13 113.5

14 126.5

15 114.8

16 125

17 118

18 124

19 119.2

* The values in this table have been reported by Fairweather, PhU. Mag.

[7], 1, 94A (1926); Normand, Ross, and Henderson, /. Chem. Soc., 2632 (1926);

Chuit, Hdv. Chtm. Acta, 9, 264 (1926); Erwy, Bull. soc. chtm. Belg,, 42, 483

(1933).

Meyer and Reid ® have sho^ra that the melting points of the

1-bromoalkanes containing an odd number of carbon atoms lie on

a curve above that formed by the even members. The values

reported by these authors are shown in Table IV.

Some series of aliphatic compounds appear to exhibit little if

any alternation, especially for the higher members. Thus, Faiiv

weather * observed that the melting points of the diethyl esters of

dicarboxylic acids containing from seven to thirty-two carbon

atoms lie on an ascending curve. This has been confirmed by
Normand, Ross, and Henderson ^ and is especially significant in

view of the marked alternation shown by the acids themselves.

Meyer and Reid ^ have stated that while the melting points of the

even alcohols from 1-butanol to 1-decanol fall on a slightly higher

curve than that formed by the odd members, alternation in the

melting points of the alcohols which contain ten or more carbon

atoms either is not present or is too small to be measured. Piper,

Chibnall, and Williams ^ have also confirmed the apparent lack

of alternation in the melting pcmts of the higher alcohcds. Al*

though the paraffins do not form an alternating series in the sense

that the odd members possess lower freezing points than the neigh-
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boring even members, they .do exhibit weak alternation in that the

freezing points of the odd members containing twenty or less

carbon atoms fall upon a curve which is below that formed by the

TABLE IV

Melting Points of 1-Bbomoalkaneb

No. of C Atoms M.P., ‘»C.

10 -29.62
11 -13.15
12 -9.60
13 5.94

14 5.67

15 18.63

16 17.54

17 28.40
• 18 27.35

even members. The freezing points of the paraffins containing

from four to eighteen carbon atoms are shown in Table V, and these

values are plotted in Fig. 4.
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TABLE V *

Freezing Points of Paraffins

No. of C
Atoms F.P., “C.

No. of C
Atoms F.P., ®C.

4 -138.29 12 -9.61
5 -129.73 13 -6.0
6 -95.34 14 5.5

7 -90.62 15 10.0

8 -56 82 16 18.145 db 0.003
9 -53.70 17 22.0

10 -29.68 18 28.0
11 -25.61

*The values in this table have been reported by Shepard, Henne, and
Midgley, Jr., J, Am. Chem. Soc., 58, 1948 (1931); Mair, Bur. Standards J.

Res., 9, 457 (1932); Francis, Ind. Eng. Chem., 33, 554 (1941); Deaneidy and
Carleton, J. Phys. Chem., 46, 1104 (1941).

Fig. 4. Freezing points of paraffins.

Structure of Long-Chain Compounds
Although alternation in physical properties such as heats of

crystallization, molecular volumes, and freezing points is generally
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encountered within the various aliphatic series, it is apparent that

the extent of alternation differs materially among the various series.

Mono- and dibasic acids, methyl esters, haloalkanes, and nitriles

show marked alternation in the solid state, whereas alcohols,

methyl ketones, and hydrocarbons are weakly alternating and

ethyl esters are apparently non-altemating. It is evident, there-

fore, that although alternation is actually a function of the lengths

of the hydrocarbon chains, the extent and kind of alternation is

in some way influenced by the nature of the polar group attached

TABLE VI

Cbtstal Spacinos of Monobasic Satubated Acids

Spacings in Angstroms

Acid di d2 d.

Capric 23.2 , . . . .

Undecanoic 25.8 . .

Laurie 27.0 4.11 3.68

Myristic 32.2 4.12 3.72

Pentadecanoic 36.2 4.00 3 76

Palmitic 34.7 4.08 3 65

Margaric 39.2 4.06 3.77

Stearic 38.7 4.05 3 62

Behemc 47.8 4.10 3.66

to the chain. Compoimds which are highly polar and consequently/

possess a strong tendency towards association apparently form

alternating series, whereas those possessing feeble powers of asso-

ciation yield weakly alternating series. The study of Morgan and

Holmes ® upon 2-methyl fatty acids has shown that the length ol

the longest chain, and not the total number of carbon atoms ir

the chain, is determinative as regards alternation. The genera]

phenomenon of alternation largely finds its interpretation in the

many studies made upon the structural configuration of long-

chain compounds. X-ray measurements of the crystal spacings

of aliphatic acids, esters, and simple derivatives show them tc

possess three characteristic spacings, two of which are essentially

constant for any given series while the third is a function of the

length of the hydrocarbon chain. These spacings have beer

designated as di, ^2 ,
and ds and correspond to the c, a, and b axes

of the crystal cell. The measurements of the di, d2 ,
and ds spacings

of some saturated monobasic acids as reported by Miiller ^ anc

Mtfller and Shearer are shown in Table VI.
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It will be noted that the spacingB ^2 and ds are nearly constant

for these acids, but that the spacing di is a function of the chain

length. This indicates that the unit cell is a long prism and that

the short spacings, d2 and ds, are related to the cross section and

are independent of the length of the cell. The observations of

Shearer on the crystal spacings of several esters of palmitic and

stearic acids are shown in Table VII. It is apparent that the

spacings d2 and ds are essentially independent of the number of

carbon atoms in these esters, and it is significant that measure-

TABLE VII

Crystal Spacings of Fatty Acid Esters

Spacings in Angstroms

Ester di 6.2 di

Methyl palimtate 22 0 4 07 3.72

Ethyl 23.2 4.07 3.67

Octyl “ 30.4 4.16 3.72

Cetyl 40.4 4.05 3.69

Methyl stearate 24.0 4.07 3.74

Ethyl 25.2 4.14 3 69

ments of a number of series of long-chain compounds ^ow the

characteristic spacings of 4.1 and 3.7A which relate to the cross-

sectional areas of the unit cells. In 1925, Gamer and Ryder
showed that the molecular volumes of the solid acids alternate

from odd to even member. Calculations of the areas of the imit

cells, employing the equation S = AfF/6.06d X 10"^® sq. A,

where d is the length of one molecule in the crystal cell and MV
is the piolecular volume, gave identical values for both odd and

even members. Since the value of the cross section of the unit cell

is a non-alternating property, alternation in the physical properties

between the various members of a homologous series must be due

to differences in the chain lengths. Thus, alternation is associated

with the long spacings of the crystal cells, and it fpllows that the

explanation of this phenomenon is to be found not only in the ar-

rangement of the carbon atoms along the hydrocarbon chain but

also in the relative positions of these chains in the crystal cells.

The realization that the differences in the longitudinal spacings of

straight-chain compounds offered a clue to the phenomenon of

alternation within the various homologous series has led to inten-
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Bive studies of this property, and the information resulting from

such studies has given us our present conception of the structure

of the fatty acids and related compounds.

Polymorphism

Before we further consider the significance of ^temation and its

relation to the actual structure of the fatty acid molecules, as dis-

closed by x-ray and film studies, it is necessary to mention another

characteristic property of long-chain compounds. It has been

realized for some time that glycerides exist in several polymorphic

forms, but it was not at first assumed that polymorphism is a

general property of long-chain compounds. It is now known that

many straight-chain compounds are capable of existing in more
than one form, the particular modification assumed being depend-

ent not only upon the substance itself but upon its previous

treatment and to a large extent upon its present environment.

Polymorphism is a common phenomenon with the fatty acids and

many of their derivatives, and the various enantiotropic forms and

their transitions can now be given logical interpretations based

upon the molecular structure of the long-cham compounds. It is

customary to designate one form as the stable modification and

to regard the other form or forms as metastable. Since the modi-

fications generally appear to be enantiotropic, it is necessary to

define the conditions before it can be stated that one form is stable

with reference to another. The stable form, however, generally

refers to that modification which is stable under ordinary conditions

of temperature and pressure. The transition from one form to

another takes place at a definite transition temperature and is

generally accompanied by a measurable heat effect. In many
cases it is possible to isolate the metastable form, whereas in other

instances its existence is manifested only by a thermal effect. The
type of polymorphism exhibited by long-chain compoimds is some-

what peculiar in that the transition from a form stable at one

temperature to one stable at a different temperature frequently

appears to be unilateral, since the first form does not reappear

when the original conditions are again established. Failure to

consider the possibility of polymorphism has led to some confusion

in the earlier literature upon the physical properties of the members
of homologous series. Where the physical properties of the indi-

vidual members of any series are compared it is essential that these

properties refer to the same modification throughout, in order to
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avoid erroneous and misleading conclusians. It diould be realised

that both alternation and polymorphism are phenomena related to

the actual structures of these compounds and that they can only

be explained by fundamental studies of molecular configuration.*

With ail due regard to the excellent work which has been done

in correlating pol3miorphism with molecular structure, it is neces-

sary to point out that many unanswered questions still challenge

any conclusion. For example, there is no present explanation for

the influence of impurities on the relative stabilities of polymorphic

forms. Small amounts of octadecane cause the formation of two
crystalline forms in hexadecane.^^ The presence of a homolog

stabilizes the metastable form of higher alcohols and nitriles.^^

Recent work upon the dimorphism of long-chain secondary

amines has shown that the relative stabilities of the polymorphic

forms are influenced by extremely small amoimts of impurities.

The curves formed by the melting points of the two forms of the

symmetrical secondary amines cross at ditetradecylamine. A
small amount of impurity is apparently necessary for the realizar

tion of the higher-melting forms of dihexylamine, dioctylamine,

and didecylamine. It thus appears that the effect of an impurity

is not necessarily confined to a retardation of the rate of transition

of a metastable form, as previously assumed.^^*^® The profound

influence of small traces of impurities on the polymorphic behavior

of long-chain compounds raises the question as to whether some
of the observations upon the polymorphic behavior of pure com-

pounds may actually relate to the behavior of mixtures.

The fatty acids exhibit at least three polymorphic forms. These

modifications are generally designated as a, jS, and 7, and although

they apparently possess similar melting points they are distin-

guished by differences in a number of physical properties. X-ray

measurements show that these crystal modifications possess differ-

ent spacings along the di or long crystal axis, thus indicating a

fundamental difference in their crystal cells, t The ^-modification

is generally obtained when the melted acid solidifies or when a

* For a discussion of the polymorphic behavior of long-chain compounds
the reader is referred to Smith, *Tatty Acids and Other Long-Chain Com-
pounds,” in Annual Reports on the Progress of Chemtstry for 19S8, VoL
XXXV, The Chemical Society, London (1939).

t A uniform nomenclature has not been followed by all authors for the

crystal modifications and for designating the long crystal spacings. This

should be borne in mind when the original literature upon this subject is con-

sulted.



8M STRUCTURE AND PHYSICAL PROPERTIES

Mdution of the acid is raiNdfy evaporatecL This modification is

transformed into the more stable fi4orm at a definite temperature

for the particular acid in quesdcm. This temperature is termed the

transition temp»tature, and Dupr6 la Tour** has reported the

a -* P transiticHi to occur in films of lauric, m3nristic, palmitic,

stearic, and cerotic acids at 6.5°, 24.5°, 40°, ^°, and 80°, respec-

tively. In tile ease of the acids which contain an odd number of

carbon atoms, the of-modification which forms upon solidification

TABLE vm
Crystal Spacings of Even Saturated Acids

Spacings in Angstroms

G Atoms B C
16 39.1 35.6

18 43.75 39.75

22 52.95 48.3

24 57.75 52 6

26 62 2 56.25

28 67.15 61.05

30 71.4 65.2

32 76.3 69.25

34 80.5 73.3

36 85 25 78 1

38 90.0 82 1

46 108.2 99 05

of the melted acids goes over very rapidly into the

further cooling, a property which distinguishes the Ouu 11 lilll DllC

even acids. The fi- or stable modification is generally obtained

when the acids crystallize slowly, although crystallization of the

even acids from highly polar solvents yields the a-form. The or

form shows upon x-ray examination a C spacing along the long

crystal axis, while the or stable modification shows a B spacing.

The latter spacing is longer than the former, as shown by the ob-

servations of Francis, Collins, and Piper ^ upon the B and C spac-

ings of even saturated acids. Table VIII.

In 1926, Piper, Malkin, and Austin described a third modifica-

tion which exhibits a still Icmger crystal spacing than the B spacing.

This 7-modification shows an A crystal spacing and was obtained

by these authors when either stearic or palmitic acid was carefully

pressed upon a glass plate. This spacing can coexist with the C
spacing, and B and C spacings can also occur simultaneously, but
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A and B spadngs do not exist together. There is no deteetaUe

differmoe in the melting points of these three forms, and recoit

studies^ have indicated that there is no abrupt change in the

temperature-density curves of the pure adds in the solid state.

The failure to find differences in the physical properties of the

various polymorphic forms of the long-chain, saturated acids has

not yet been satisfactorily explained. The A spacing is frequently

shown by paraffins, esters, and odd-carbon alcohols in the vicinity

of their melting points; however. Piper, Chibnall, and Williams *

have stated that no odd or even acids containing more than eight-

een carbon atoms have been found to occur in this modification.

The a- and /3-fonns, which show C and B spacings respectively,

are the types most frequently encountered among both even and

odd acids, and as a consequence they have received the greater

amount of attention from investigators. Acids containing an

even number of carbon atoms show a short or C spacing when
solidification of the melted acids takes place, or when rapid

crystallization from solvents occurs. Ordinary crystallization of

even acids from non-polar solvents 3delds directly the j8-acid, which

shows a B spacing. On the other hand, crystallization of even

acids from highly polar solvents, such as acetic acid, results in

the o-acid, which possesses a C spacing. When the even acids are

crystallized in the presence of impurities, there is a decided tend-

ency to assume the C spacing, which may coexist with ciystals

having a B spacing. It is evident, therefore, that when even acids

are crystallized from solvents, the form assumed is dependent upon
the particular solvent employed and, to a certain extent, upon the

conditions of crystallization. Some conflicting statements have ap-

peared in the literature owing to the failure of authors to state the

conditions employed in ciystallizing these acids. As stated before,

the even acids show well-defined transition temperatures below

which the a-form and above which the |9-form is stable. According

to Thibaud and Dupr4 la Tour,^^ the reverse transition upon cool-

ing is not observed. The odd-carbon acids show a relationship

among the various forms somewhat different from that exhibited by
the even acids. When the melted odd acid solidifies, it first deposits

crystals showing a C spacing (o-form), which are rapidly trans-

formed into crystals having a B spacing (jS-form). The work of

de Boer ^ shows that the a-acid can only be retained in a metastable

condition by very rapid cooling. The form actually realized upon
cooling an odd acid at a normal rate is, therefore, the jS-form of the
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acid and not the oE-form as in the case of the even adds. The tran-

sition a —> i9 for the odd acids is unilateral for acids which contain

thirteen or more carbon atoms, but it has been found to be reversi-

ble for undecanoic, nonanoic, and lower acids>^ A further dis-

tinction between odd and even acids is that a solution of the odd

acids always deposits crystals having a B spacing, independent of

the nature of the solvent, whereas with the even acids the particu-

TABLE IX

Crystal Spacings of Saturated Acids

Spacings in jAngstroms

No. of C Atoms B C A D
13 31.65 30 00 35.3 25.8

14 34.9 31.60 .... ...

15 35.8 34.2 40.0 29.9

16 39.1 35.60 41.0 ....

17 40.45 38.6 . •

.

33.9

18 43.75 39.75 46.6

19 44.50 43.15

20 48.45 44.15

21 49.25 47.8

22 52 95 48.3

23 53.40 51.8

24 57 75 52.6

25 57.65 56.2

26 62.2 56.25

27 62.0 60.5

28 67.15 61.05

29 66 35 64.8

30 71.4 65.2

lar form obtained is dependent upon the polarity of the solvent

employed.

In the above discussion it has been shown that the fatty acids

exist in at least three polymorphic modifications and that these

forms possess different long crystal spadngs, thus indicating a

fundamental difference in the crystal cells. The most important

of these modifications are designated as a- and jS-, the former

showing a C ciystal spacing and the latter a somewhat longer B
pacing. Crystals showing the latter spacing are more stable than

those possessing the former. It has also been idiown that with the

fatty adds and many of their derivatives there is an alternation in

physical properties between the odd and even members of a series
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and that this alternation is related fundamentally to the molecular

configuration of these long-chain compounds. This alternation is

accompanied by apparent differences in the long ciystal q)acings

of the polymorphic forms, so that if one plots either the B or the C
spadngs against the number of carbon atoms, the values fall upon
two curves, one for the odd and one for the even adds. This is

illustrated by the values for the spadngs of the monocarboxylic

adds containing from thirteen to tlurty carbon atoms, reported by
Francis and coworkers and shown in Table IX. Values in

close agre^ent with these have bem observed by Slagle and Ott.**

When the values of the B and C spadngs are plotted against the

number of carbon atoms in the adds (Fig. 5), they fall upon four

curves, namely, B- odd, B- even, C- odd, and C- even.

The x-ray studies of Thibaud have shown that the increase in

chain length per carbon atom is 1.327 and 1.146 A for the B and C
forms of the odd adds, and 1.21 and 1.10 A for the B and C forms

of the even adds. The values of the still longer A spadngs, whidi
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characterize the 7-modifications and are exhibited by acids care-

fully pressed on glass plates, fall on straight lines for both even

and odd members of the series. Piper ^ has designated the various

spadngs as A, £, and C for the even adds and B', and C' for

the odd adda A fourth spacing, D, for the odd adds has also

been described by this author. As has been stated, the significance

of these various polymoiphic modifications together with the

phenomenon of alternation is associated with the actual configura-

tion of these long-chain molecules and can best be interpreted on

the basis of their molecular structures.

Molecular Configuration

Langmuir*^ first observed that monomolecular films of fatty

acids can be formed upon a water surface and that these films are

oriented in such a manner that the carboxyl group of the acid is

attached to the water surface, the hydrocarbon chain extending

upward in an essentially perpendicular position. The force-area

relationship permits of the calculation of the areas occupied by the

fatty acid molecules and also of the apparent length of the hydro-

carbon chain. The values so obtained indicate the cross sections

of the saturated acids to be practically constant, 23 X 10"^® sq.

cm.; the lengths of the chains, on the other hand, vary with the

number of carbon atoms in the molecule. When the length of the

hydrocarbon chain is divided by the number of carbon atoms in the

chain, an average value of 1.19 A is obtained, and since this value

is less than the diameter of the carbon atom in diamond, 1.54 A,

it was stated that the carbon atoms in the hydrocarbon chain must
be arranged in a zigzag fashion. This zigzag arrangement of the

carbon atoms is not confined to the acids alone, since measure-

ments have shown this to be the configuration of the paraffins,

alcohols, esters, soaps, and, in fact, all the high molecular weight

straight-chain compounds so far examined. If we assume a straight

hydrocarbon chain in which the carbon atoms are arranged in a

zigzag manner, the tetrahedral angle being 109^ 28^ it follows

that the distance between alternate carbon atoms is 2.52 A or

1.26 A per carbon atom. This is illustrated in Fig. 6, and values

in close agreement with this spacing have been observed for the

primaiy alcohols, paraffins, and several other aliphatic series.

The large amount of confirmatory data which have been ob-

tained have served to establish beyond a reasonable doubt that

the carbon atoms in the hydrocarbon chains actuidly occupy a
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zigzag position. It must be recognized, however, that other struc-

tures can account, at least in part, for the observed carbon-to-

carbon distances in these chains. For example, Lee and van

Rysselberge ^ have proposed a helicoidal configuration for long-

chain compounds and have stated that such a structure, in addi-

tion to accounting for many of the physical and chemical proper-

ties of these compounds, explains an apparent 5, 10, 15 periodicity,

in that the physical properties tend towards a maximum or a

minimum at C5, Cio, and C15. Calculations of fhe molecular

Fig. 6. Arrangement of carbon atoms in hydrocarbon chain. (Courte^
Glasstone, Textbook of Physical Chemistry

^

2nd ed , D. Van Nostrand Co.,

New York, 1946

)

diameters based upon these helicoidal structures were stated to be

in fair agreement with the observed values. This theory has been

challenged by Broughton on the basis that the break in physical

properties at decanoic and pentadecanoic adds is not so marked

as that observed between other adjacent members of the series.

Nietz,*^ for example, in his studies on the work of adhesion of fatty

acids to water, observed a minimum between the C12 and C14

members.

It is apparent that, although the concept of a zigzag arrange-

ment of carbon atoms within the chain is an important observa-

tion as regards the structure of long-chain compounds, it cannot,

of itself, account either for polymorphism or for alternation within

a given series. Tammann sought to explain alternation within

an acid series by assuming that the even acids exist in two modi-

fications whereas the odd exist only in one. Since it is now known
that the odd acids also exhibit several modifications, this explana-

tion is of little value and, as pointed out by Cuy,** it simply diifts

the question as to why enantiotropism actually exists. Alternation
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of the physical properties is a property common to the ciystaUine

state of long-chain compounds, the statement of Biach*^ that

alternation is also encountered in the liquid state having been

disproved. If we assume the chain to be perpendicular to the

carboxyl plane, cis and trans arrangements of the carboxyl and

terminal methyl groups are possible, but this would not bring

about an alternation in physical properties within a specific series.

X-ray studies have, however, been able to supply additional data

concerning the structures of long-chain molecules, and have helped

us to develop our present concepts of their configurations.

The x-ray investigations of Muller and Shearer showed that

the fatty acids exhibit three characteristic spacings, di, ^2 ,
and ds.

The last two spacings are essentially constant for a specific series,

whereas the long spacing, di, is a function of the number of carbon

atoms in the chain. These authors, therefore, concluded that the

unit cell is a long prism, the length of which depends upon the

number of carbon atoms in the substance, the cross section being

the same for all members of a specific series. In this work it was
pointed out that the observed value for the long spacing of stearic

acid, 38.7 A, is greater than the value 30 A which would be ob-

tained by piling all the carbon and oxygen atoms on top of one

another. It was, therefore, concluded that in the case of the acids

the long spacings can only be accounted for by two molecules

placed end to end and joined at their carboxyl groups. Verification

of this is also found in the fact that the values of the chain lengths

as determined by Langmuir are approximately half those obtained

by x-ray measurements of the long spacings. Muller and Shearer

postulated several arrangements of the carbon atoms within the

chain in an attempt to explain the observed values of these long

spacings. The saturated acids crystallize in the monoclinic system

with the symmetry plane perpendicular to the long face. In his

calculation of the volume of the unit cell of stearic add, Muller

determined that this cell contains four molecules so arranged that

their carboxyl groups are in contact. The distance between two
successive carbon atoms in the chain is considerably smaller than

the distance between the chains themselves, showing that the mass

density along the chain axis is higher than along any other line

of the crystal. The following values for stearic acid were reported:

r lattice, i^ace group Cj, a = 5.546 A, 6 = 7.381 A, c = 48.84 A,

fi = 63° 38', c sine fi = 43.76 A. The average cross section of the

unit cell of the saturated acids is 18.3 sq. A. The addition of a
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CH2 group to a fatty acid molecule will thus produce twice the

diffeience m distance between 001 planes as a simUar addition

produces in compounds such as the parafSns and ethyl esters,

where bimolecular association is not encountered. This is illus-

trated in Fig. 7.

The importance of the observation that fattyacidsarebimolecular

in the solid state cannot be over-emphasized, since it forms the

Fatty Acid Hydrocarbon

basis of our present-day belief concerning their crystal structure.

In 1924, Gamer and Randall,* in their studies of the heats of crys-

tallization of the fatty acids, called attention to the important role

played by the carboxyl group and suggested that it is oriented in

two different manners in the crystal forms of the cx- odd and a- even

acids. The stmctural arrangements suggested by these authors

are shoAvn in Fig. 8.

Several structural configurations of the carboxyl groups and also

of the terminal methyl groups of the even and a- and odd acids

were subsequently proposed by Gamer and Ryder.^* In the postu-

lated stmctures the hydrogen atom of the carboxyl group is as-

sumed not to add to the chain length; however, in the modification

showing the longest spacing, the 7-form, this possibility must be

considered. While the different arrangements of the carboxyl

groups as suggested by various authors offer an explanation for the

existence of polymorphic forms of the fatty adds and similar

compounds, they do not account for the fact that certain series are

alternating and others are non-altemating. In 1931, Malkin^
suggested that the essential difference between alternating and
non-altemating series is that in the former the zigzag cha-in is
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tilted with re^>ect to the teiminal plane. Those series in which

the diain is vertical with reference to the terminal plane do not

exhibit alternation, whereas alternation is encountered if the chain

is tilted. The various polymorphic forms result, therefore, from

differences in the angles of tilt of the hydrocarbon chains. The
successive additions of methylene groups to these tilted chains

result in an alternation in the long crystal Epacings and conse-

CH3 plans 'A

Fig. 8. Orientation of carboxyl groups in polymorphic forms of fatty acids.

quently in the physical properties of such compoiuids in the solid

state. The characteristic crystal spacings exhibited by a zigzag

chain of carbon atoms are, therefore, functions not only of the total

number of carbon atoms but also of the angle of tilt of the chain.

Vertical chains possess the longest crystal spacings and 3deld

non-altemating series, whereas tilted chains show apparently

diorter carbon-to-carbon distances and exhibit alternation in their

physical properties. When several polymorphic modifications are

capable of existence within a given series, such as the fatty acids,

that form which possesses the longest crystal ispacmg generally

corresponds to a vertical chain and diows non-altemating proper-

ties among the individual members. The crystal spacings,mdecular

volumes, and othet physical pioperties d iVus modihcatlon vnh,

therefore, fall upon essentially smooth curves COmprisipg both
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odd and even members of the series. Those forms which show
smaller crystal spacings along the long crystal axis possess tilted

chains which ^ve rise to alternating series. Examples ci vertical

and tilted hydrocarbon chains are shown in Fig. 9.

An examination of Fig. 9 shows that in the vertical chains di

increases uniformly with the number of carbon atoms, whereas in

VERTICAL mr£if

Even Odd Even Odd

Fio. 9. Hydrocarbon chains. (Courtesy Glasstone, Textbook of Physical

Chemistry^ 2nd ed., D. Van Nostrand Co., New York, 1946.)

the tilted chains the density of the packing differs for the odd and
even members, thus giving rise to an alternation in the d\ spacings.

The tilt of the hydrocarbon chain is largely dependent upon the

orientation of the polar groups and is therefore quite dependent

upon the nature of these groups. Where the groups are stron^y

associated, as in the acids or their methyl esters, Ihe tilted fonns

are generally stable, whereas in the weakly associated compounds

such as the higher esters, the vertical forms are stable, especially

in the neighborhood of the melting points. The spacings vaiy

directly with the sine of the angle of tilt of the hydrocarbon chain.

King and Garner^ have suggested discontinuance of the terms

ay /9, and y in distinguishing the various polymorphic forms, and
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substitution of the cla8fflficati<m (d such fonns into those which

possess vertical and those which possess tilted chains. The in^-

fluence <rf pcdymorphism upon the physical properties of the solid

adds diould he borne in mind in the fallowing discussian of their

properties

Atomic Spacings, Angles of Tilt, Molecular Volumes, and
Dipole Moments
The observations that the polymorphic forms occurring within

any particular series of long-chain compounds possess different

TABLE X

Angles of Tilt of Polymorphic Forms

Modification Spacing Angle

Even acids a C 59‘*12'

Even acids B 70®36'

Odd acids a C' 59n2'
Odd acids fi B* 59®12'

Acids A 90®

Odd acids y D 52®59'

Parafl&ns ct A 90®

Paraffins fi B 72®48'

Ethyl esters a A 90®

Ethyl esters (Cie-Cie) B 67®30'

Ethyl esters (C2Qr-C26) B 64®26'

Soaps 57®

Acid soaps A 90®

Alcohols A 90®

Alcohols B 55®40'

1-Monoglycerides a A 90®

1-Monoglycerides B 69®

apparent carbon-to-carbon spacings along the long crystal axis,

and that these spacings are a function of the angle of tUt of the

hydrocarbon chain, are of fundamental significance. The tilt of

the chain with reference to the terminal plane is largely dependent

upon the nature of the terminal group. The various series of long-

chain compounds would be expected to exhibit different angles of

tilt, the value of the angle being characteristic not only of the

particular series but also of the polymorphic form which is assumed
by the individual members. The angles of tilt of various poly-

morphic forms of the fatty acids and several of their derivatives

have been determined and are of importance in explaining the
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dystal structures of these compounds. For eammple, Hper ** has

observed that the lines formed by plotting the long crystal epadngs

against the number of carbon atoms (Fig. 5) are parcel for tiie

even and odd acids having a C spacing and for the odd adds
sho^ring a B spadng, and that the carbon-to-carbon distance is

1.084 A, thus indicating that the diain axis is indined at an angle

of 59° 12'. The values which have been reported in the literature

for the an^es of tilt of the polymorphic forms of the adds and

several of thdr derivatives are shown in Table X.

Those series in which the chain is vertical (90° angle) do not

dxow alternation in thdr physical properties, whereas those which

possess tilted chains exhibit this phenomenon.

TABLE XI

Long Crtstal Spacings of the Ethyl Esters, Potassiitic Soaps, and
Acm PoTASsniM Soaps

Spacings in Angstroms

Ui \J

Atoms in Acid Ethyl Esters

12

13 . .

14 . .

.

15 , ,

16 22.9

17 24 6

18 25.8

19 26.8

20 27.6

21 29.2

22 30.1

23 31.36

24 32.1

K Soaps Acid K Soaps

30.2 35.52

31.85 . . .

33.95 40.45

35.8 42.9

37.9 45.3

39.8 48.1

41.97 50.5

43.8 53.03

46.45 55.65

47.85 58.35

50.7 60.8

51.8 63.25

54.45 65.94

The long crystal spacings of the acids and a number of their

derivatives have been reported in the literature. Those for the

Or and /3-forms of the acids as determined by Francis, Piper, and
Malkin have been recorded previously in this chapter in Table

IX and Fig. 5. The long ciystal spacings of the ethyl esters, the

potassium soaps, and the acid potassium soaps have also been

published by these authors and are shown in Table XI.

Francis, Collins, and Piper ^ have measured the long spadngs

of a number of high molecular weight acids, ethyl esters, alcohols,

and 1-iodoalkanes containing an even number of carbon atoms.
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Thdr values for the alcohols and l-iodoalkanes are shown in

Table XII.

TABLE XII

Long Cbtstal Spacings of Alcohols and 1-Iodoalkanes

Spacings in Angstrdms

No. of C
Atoms

Alcohols lodoalkanes

«

A B B
18 41.35 47.2

22 50.0 56.10

24 . . .

.

54.25 60.7

26 70.7 58.0 65.85

28 75.95 62.3 70.2

30 66.4 74 15

32 • • • • 71.0 79.15

34 90.8 74.65 83.85

36 88.4

The long crystal spacings of several 1-monoglycerides as re-

ported by Malkin and el Shurbagy " are shown in Table XIII.

TABLE XIII

Long Cbtstal Spacings of 1-Monogltcerides

Spacings in Angstroms

No. of C
Atoms in Acid ct iS and

10 37 2 32.9

11 40.2 35.2

12 43.2 37.3

13 46 2 39.6

14 41.5

15 51.3 43 8

16 45.8

17 48.2

18 58.3 50.0

The dicarboxylic acids offer an interesting and unusual case of

dimorphism. The observations of Fairweather and others on

the melting points of the various members of this series have previ-

ously been presented m Table III and Fig. 3. These indicate a
high degree of alternation, so that the curves of the odd and even

members are practically mirror images of each other and show a
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ccmvergenoe in the neighborhood of the thirty-carbon member.

In 1925, Trillat ^ measured the long crystal spacings of several of

the lower members of this series and reported the following rda-

TABLE XIV

Spacinos of Dicarboxtlic Acids

Spacings in Angstroms

No. of C
Atoms M.P., “C. di dz <f4 d%

9 107 9.56 4.67 3.87 3.28 ....

12 129 13.25 4.17 3.77 2.98 4.63

13 113.5 13.3 4.7d 3.93 3.21 ....

14 126.5 15.4 4.13 3.71 2.97 ....

16 125 17.4 4.14 3.67 4.60

18 124 19.55 4.12 3.69 2.95 4.63

22 123.8 23.6 4.13 3.75 . .

.

....

26 123.5 27 8 4.16 3.74 2.97 4.62

34 123 35.9 4.11 3.67 2.98 4.51

tionship between the number of carbon atoms and the spacings in

A: C4 , 4.5; Ce, 7.0; C7, 7.6; Cg, 9.3; C9, 9.6; and Cio, 11.4. Nor-

mand, Ross, and Henderson ^ have made an extensive x-ray inves-

tigation of the spacings of a number of dicarboxylic acids and also

of their ethyl esters, the results of which are shown in Tables XIV

TABLE XV

Spacings of Ethyl Esters of Dicarboxtlic Acids

No. of C
Atoms
in Acid

Spacings in Angstrdms

M.P., «C. di dz dz di dt

13 20 22.7 4.63
14 27 23.7 4.09 3.64 ....

18 43 28.5 4.08 3.56 . .

22 56 33.6 4.14 3.70 4.63

30 74 43.7 4.10 3.69 4.53

34 80 49.0 4.17 3.71 4.63

14 55

Monoethyl Esters

42.1 4.14 3.66

18 71 50.5 4.12 3.66 . • •

and XV. In these tables the di spacing refers to the length along

the long crystal axis, while the spacings ^2 , dg, ^4 ,
and dg relate to

the cross section.
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These authors have pointed out that the increment in the Icmg

q[>acing, diy in passing from an even to an odd add (0.6-0.05 A) is

much different from that in pasdng from an odd to an eva
acid (1.7~2.1 A). The spacings d2, ds, and ^4 also differ for the

odd and even acids. These differences in both linear and cross-

sectional values indicate a fundamental difference in the structures

of the even and odd dicarboxylic acids. The increment in the long

crystal spacing brought about by the addition of a methylene group

to the diethyl esters is constant (1.2-1.3 A); however, the incre-

ment in the di pacing for a similar addition to a monoethyl ester

TABLE XVI

Cell Dimensions of Dicarboxylic Acids

Dimensioiis in Angstrdms

l^U. Ui

Atoms a h c Angle

6 10.27 5 16 10 02 137®5'

7 9.93 4 82 22.12 130^40'

8 10.12 5.06 12.58 135“0'

9 9 72 4.83 27.14 129"30'

10 10 05 4.96 15.02 133‘’50'

13 9.63 4.82 37.95 128*20'

18 9.76 4.92 25.10 131 **10'

is 2.1 A, which indicates that the monoethyl esters contain two

molecules and the diethyl esters only one molecule between suc-

cessive reflecting planes. In 1928, Caspar! investigated the

ciystal structure of single ciystals of adipic (Ce), pimelic (C7),

suberic (Cg), azelaic (C9), sebacic (Cio), brassylic (C13), and octa-

decanedioic (Cig) adds. The cell dimensions and values of the

angles of these acids as reported by Caspari are shown in Table

XVI.
It was observed that while the c dimensions of the unit cells of

the even dicarboxylic acids are proportional to the number of

carbon atoms, the values for the odd acids are proportional to

twice this number. The odd and even dicarboxylic acids, there-

fore, fall into two series, the former of which contains four molecules

to the unit cell and has an effective length equal to twice the length

of the dicarboxylic acid molecule, whereas the latter contains only

two molecules to the unit cell and is one molecule in length. Thus,

for those adds whose cell dimensions are shown in TaUe XVT,
the C7, C9, and C13 acids contain four molecules to their unit cdls
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and the remainder contain two mdeculea. It was postulated that

the mdecules of the odd-carbon dicarboigrlic adds are aajunmetri-

cal, as are the mdecules of the manocarboxylic adds, whereas the

molecules of the even-carbon dicarbo^grlic adds are asymmetrical.

The example dtown in fig. 10 was dted by Caspari.

PuiMlic Acid

Suberic Acid

HOOC

HqH HcH HqH

'hCh

HcH HcH HqH C(/vVV
Fig. 10. Symmetrical and asymmetrical dicarboxylic acids.

The dicarboxylic acids are unique in that they contain a carboxyl

group at each end of the molecule and thus show a repetition of

the carboxyl plane. This is not the case with the monoesters of

these acids, as illustrated in Fig. 11.

The above values for the dicarboxylic acids refer to the so-called

a-modification. In 1929, Caspari ^ obtained a /S-modification of

azelaic acid by rapid ciystallization of a saturated aqueous solu-

Dicarboxylic Acid Monoester

tion. The dimensions of the unit cell of this /S-form are: a, 5.61 A;

6, 9.58 A; c, 27.20 A; and 136^30^ The cell length correi^onds

to two molecules. The difference in lattice energy betwem the

ot~ and j9-modi&cations of azelaic acid is small, since the two forms

could not be distinguished by melting points, a- and jS-Forms of

pimelic add have been described by Dupr6 la Tour," the irreversi-
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ble change fi a occurring at 74-75^. The same author ^ had

previously shown that malonic, succinic, and glutaric acids exist

in ct- and /S-fcxins, with transition points of 80°, 137°, and 74°,

respectively.

Kohlhaas ^ has measured the dimenrions of the unit cell of cetyl

palmitate crystallized from amyl butyrate, and has reported the

following values: a, 5.61 A; 6,
7.416 A; c sine

/
8

,
77.875 A; /3,

61°31'.

The unit cell contains two groups of double molecules and shows a

carbon-to-carbon distance of 1.27 A. Stewart has reported that

the alcohols diow a small but steady increase in width of chains

containing from three to eleven carbon atoms. It has been re-

ported that crystals of the parafBns aggregate in the direction

of their angles, whereas the fatty acids aggregate in the direction

of their sides. X-ray analysis * of the liquid paraffins has shown

that the tendency of the chains to assume a parallel arrangement

is evidenced even in the liquid state."* “

Trillat ^ has made x-ray examinations of palmitic acid films on

mica and also on water, and has observed sharp reflections which

he considered to be characteristic of a smectic or soaplike sub-

stance. This work indicated that the molecules lie in parallel

planes, the spacing being 36 A. The smectic state was first de-

scribed by Friedel “ as one of the forms which is intermediate

between the true amorphous and the crystalline states. In the

smectic state the molecules possess a common direction and are

arranged in equidistant parallel layers. The high molecular weight

esters of cholesterol were stated by Friedel to be capable of assum-

ing this state. Piper and Grindley have stated that the charac-

teristic spadngs of the sodium soaps may be due to the fact that

the acids are in the smectic state. The occurrence of this state for

the acids was assumed by Wyckoff and associates,^ although

these authors stated that this could not be confirmed by x-ray

measurements. Friedel later stated that the fatty acids are

crystalline and not smectic substances, and that conclusions based

upon the assumption of the latter state for these acids are erro-

neous.

* For a general treatment of the apphcation of x-ray analysis to the deter-

mination of crystal structure, the reader is referred to Wyckoff, The Structure

of Crystals, A.C.S. Monograph Series No. 19, 2nd ed.. The Chemical Catalog

Co., New York (1931); Randall, The Diffraction of X-Rays and Electrons by

Amorphous Solids, Liquids, and Gases, Chapman and HaU, London (1934);

Clark, Applied X-Rays, 3rd ed., McGraw-Hill Book Co., New York (1940).
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The molecular volumes of the liquid acids undergo a constai

increase of 16.8 cc. per gram-molecule for each additkm of

methylene group. Gamer and Ryder have observed that f(

the even-carbon acids in the solid state the increment in molecule

volume due to the addition of two methylene groups is 27.5 a
per gram-molecule, but that the molecular volume of an odd-carbo

acid in the solid state is greater than the mean of the two adjac^

even adds. The molecular volumes of the adds in the solid stab

therefore, alternate from odd to even acids, as does also the volom

change due to fusion. The values of the molecular volumes fc

TABLE XVII

Molecxtlar Volumes of Liquid and Solid Acids

Mol. Vol. (Hq.) Mol. Vol. (sol.)

cc./g.-mol. at cc./g.-mol. at

Acid 50® Acc. 15® Acc.

Octanoic 162.61 140.2

Nonanoic (a) 179.43 16.82 160.1 19.9

Decanoic 196 20 16.77 167 8 7.7

Undecanoic (a) 212.95 16.75 186.5 18.7

Launc 229.84 16.89 195.2 8.7

Undecanoic (fi) 180.0

several adds as reported by Gamer and Ryder are shown i:

Table XVII.

In 1922, Pauly called attention to the fact that the relativel;

smaller molecular volumes correspond to lower melting points an<

heats of crystallization. G6mez Aranda has proposed the equa

tion V = aM + b for the molecular volumes, in which o is i

homology constant and b a functional constant characteristic fo

each series. The equation for the density, D = l/[a + (b/M)]

indicates that if b is greater than zero the density increases wit!

molecular weight, whereas if it is less than zero the reverse is tme
Since the dipole moment is a function of the polar group, r

should not materially vary among the members of any spedfi<

homologous series. Wolf and Gross have stated that the dipoh

moment alternately rises and falls as a homologous series is as

cended, molecules with an even number of carbon atoms possessini

the higher moments. The alternation, however, if present at all,

is exceedingly small, and most of the data so far recorded indicate

that the dipole moment is essentially a constant and non-altemat-

ing value, especially for the higher members of any specific homolo-
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gooB flenea The dipole moments of seme of the aliphatic alcohols

are reeoniled in Table XVIII.

TABLE xvm
Moments of Auphatic Alcohols

No. of C Dipole Moment
Atoms X 10“

1 1.68

2 1.70

3 1.66

4 1.65

5 1.7

6 1.6

7 1.71

8 1.68

9 1.6

10 1.6

11 1.66

12 1.62

16 1.66

*The values contained in this table have been reported by Williams,

Phy»ik. Z., S9, 174 (1928); Stranathan, Phys. Rev. [2], SI, 653 (1928); Miles,

ibid. [2], S4,964 (1929); Mahantiand Dasgupta, Indian J. Phys., S, 467 (1929);

MtiUer and Sack, Physik. Z., 31, 815 (1930).

Few values for the dipole moments of high molecular wdght
ccnnpounds other than the alcohols have been reported in the

literature, and it is rather difficult to draw generalizations. Zahn ”

has r^x>rted a value of 1.51 X 10~^^ for formic add and
1.4 X 10““ for acetic add, and Bri^eb " has observed values of

1.46, 1.04, 0.93, and 0.88 X 10““ for formic, acetic, propionic,

and butyric acids, respectively, whereas Pohl, Hobbs, and Gross ^

have reported 1.77, 1.63, 1.68, and 1.9 X 10““ for these adds.

Values of 0.76, 0.77, and 0.77 X 10“^* have been reported •• for

lauiic, myiistic, and palmitic adds, and Volarovich and Stepar

nenko •* have obtained values of 1.506, 1.452, and 1.612 X 10““

for stearic, ddc, and linoldc adds, respectively. It is evident

that the values which have been reported are not in agreement,

and some of them appear to be materially lower than would be
expected. Those observed for the lower molecular weight amines**-
•4" are in fair agreement, being in the ndghborhood of 1.3 X 10““.

llie values for the nitriles indicate them to be hi^y polar,

Werner *• having reported 3.2, 3.34, and 3.46 X 10““ for aceto-
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nitrile, propionitrile, and butyronitrile, reqieetively, and Wil-

liams* having observed values in close agreement vdth those

found by Werner for acetonitrile and propionitrile. In 103S,

Smith ^ determined the dipole moments of several homologous

series of aliphatic compounds. The results reported by this

author are shown in Table XIX.

TABLE XIX

Dipole Moments (X 10^”) of Homologous Series of Straight-Chain

Aliphatic Compounds

Cl Br I OH NH, CHO CN
H 1.03 0 79 0.38 1.85 1.5 2.65

CH« 1.85 1.5 1.3 1.68 1.23 2.7 3.11

Cyis 1.99 1.83 1.66 1.70 1.3 . 3.34

CjH, 2.0 1.8 1.6 1.66 1.4 2.46 3.46

C4H, 1.97 1.97 1.88 1.65 1.3 . ....

CsHu 1 3 . .

.

CJHm 1.6 2.56 . .

.

C7H15 1.85 1 84 1.84 1.71 .

The dielectric constants of the fatty acids decrease with in-

crease in molecular weight of the adds. The following values have

been reported ^ for several of the fatty acids: formic, 19.0 at 2®;

acetic, 6.29 at 19®; propionic, 3.15 at 17®; butyric, 2.70 at 17®;

valeric, 2.67 at 20®; and caproic, enanthic, caprylic, palmitic, and
stearic adds at 71®, 2.632, 2.587, 2.544, 2.34, and 2.318, respec-

tively. Baker and Smyth ^ have detennined the dielectric con-

stants of ethyl undecanoate, ethyl palmitate, ethyl stearate, and
cetyl alcohol in both the liquid and the solid states over a wide

range of temperature and frequency.

Melting Points of Long-Chain Compounds
In an earlier portion of this chapter it was pointed out that the

melting points of the individual members of certain series of long-

chain compounds alternate as the series is ascended, but that in

other series the melting points show an essentially linear increase

with successive additions of carbon atoms. It was also observed

that alternation is a characteristic of those compounds which
possess chains which are tilted with reference to the terminal

groups, whereas those forms which possess vertical diains are non-

alternating. It follows, therefore, that in those series where the

chains are vertical with reference to the terminal planes, or where
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a vertical fonn is assumed in the vidnity of the melting point, the

values for this constant will be non-alternating. It has also been

shown that the alternation in melting points for any particular

series becomes less with increase in molecular wdght of the indi-

vidual members, the curves for the even and odd compounds tend-

ing to converge as the series is ascended. For any particular series,

this convergence occurs at a definite temperature, which is gen-

erally designated as the convergence temperature. According to

Timmermans,^’ organic compounds obey a law of convergence in

that the melting points of the higher members tend toward a

common limit of 117^. Convergence has only been experimentally

demonstrated in the dicarboxylic acid series, in which it occurs at

123°, which is the approximate melting point of the thirty-carbon

add.

In a theoretical discussion of the convergence temperature, King

and Gamer ^ have pointed out that since both the terminal and

the methylene groups occupy the same cross-sectional areas, they

are both subject to some distortion. The melting point is depend-

ent upon both the nature of the terminal group and the length

of the hydrocarbon chain, and since terminal groups generally

possess negative heats and entropies of crystallization, they easily

enter the liquid state. Thus the lower members of a homologous

series generally possess low melting points, which frequently tend

toward a minimum in the vicinity of the five-carbon member.

Beyond this point successive additions of methylene groups are

generally attended by melting point increases, and the convergence

temperature is that point where the hydrocarbon chain is suffi-

ciently long to minimize the effect of the terminal group, the com-

pound thus resembling a hydrocarbon in physical properties. Since

at the convergence temperature the long hydrocarbon chain is

determinative with respect to the thermal properties, it would be

expected that convergence temperatures would not differ greatly

betwe^ reefpective series, being differentiated only by differences

in the manner of packing as determined by the angle of tilt of the

chain. Calculations of convergence temperatures from available

thermal data have given the following values: 112.2° and 115.5°

fiwr the odd and even acids, 135° for the even hydrocarbons, 121.2°

for the a even ethyl esters, and 108.5° for the even methyl esters.

When a compoimd is capable of existing in two or more poly-

morphic modifications, the melting point reported in the literature

g^erally refers to the stable or higher-melting form, which may
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poBseBB dtber a vertical or a tilted chain, dq>ending upon the

particular compound in question. In certain instances, as in tiie

cases of ethyl esters of monobasic adds ccmtaining less than tnrmily

carbon atoms, and ethyl esters of dibadc adds, the mdting points

are non-alternating, althou^ measurements of the atinnic tfpadngs

indicate the chain to be tilted. Malkin ** has suggested that in such

instances the vertical podtion is assumed just bdow tiie mdting
pdnt. Poljrmoiphism of adds and many derivatives is frequently

evidenced by unilateral converdon of one solid form to another.

This trandtion occurs within a definite temperature interval and

TABLE XX

MaiJTiMa Points or a- and ^Fobms of 1-Iodoalkaneb, *C.

No. of C Atoms a
22 41.5 48.2

24 48.1 54.2

26 54.4 59.1

28 59.6 63.15

90 64.0 67.

a

32 68.2

34 71.6

36 74.9

is accompanied by a significant heat effect. Gamer and King*
have determined the heats of the trandtion a—

>

d the satu-

rated monocarboxylic acids containing 9, 11, 13, 15, 17, 23, and

25 carbon atoms to be 1.37, 1.84, 0.94, 1.20, 1.55, 1.62, and 1.47

kg. cal./mole, respectivdy. In the case of many fatty add deriva-

tives, the metastable or lower-mdting form can actually be iso-

lated. For example, Phillips and Mumford have isolated a- and

/Storms of ethyl myristate melting at 11.7° and 12.3°, req)ectivdy,

and Smith obtained two forms of ethyl stearate, one mdting at

32.5° and the other at 34°. Polymorphic modificati<ni8 of the

individual members of several series of long-chain compounds have
since been isolated, among which may be mentioned, in addition

to the ethyl esters,”*^ the l-iodoalkanes,** the alkyl acetates,^* and
the alkylammonium acetates.” The mdting pdnts of the a- and
/^-modifications of several l-iodoalkanes are shown in Table XX,
and of the a- and /S-forms of the ethyl esters of a number of evoi-

carbon, saturated, monocarboxylic acids in Table XXI.
Calculations of the mdting points fnnn the heats and entropies

of ciystallization have been shown by several authors to yidd
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vriues which agree rather doaely with those detennioed expm-
inmtally. For emmide, Gamer, Van Bibber, and King found

the rdationehip between the heat of cryataUiaaticm, the tempera-

ture, and the number of carbon atoms for the oe-foims of the Iqrdro-

caibona to be mqnessed by the equaticms (1) Q » O.fiOSSn — 1.75

and (2) Q/T »> O.OOl^Qln + 0.00404. When equaticHi (1) is di-

v»iedby equation (2), the resulting equaticm, T = (0.6085n — 1.75)

(0.001491n -f 0.00404), yields the calculated values for the

TABLE XXI

MxiAiNa Points or o- and 0-Foaus or Even Ethtd Esters, ”C.

No. of C Atoms
in Add a

16 24.4 ...

18 31.4 33.9

20 40.54 41.65

22 48.7* 48.25

24 54.8* 54.35

26 60.2* 59.95

28 64.6

30 68.45

32 72.5

34 75.4

36 78.6

38 80.55

46 90.5 {

* listed under “y" by Fnmds and Hper, J. Am. Chem. Soe., 61, 677 (1939).

t listed under “a” by Francis and Piper, he. at.

j listed under *‘/3” by Francis, Collins, and Piper, Proe. Roy. Soe. (London),

ISBA, 691 (1937).

setting pdnts. These authors have calculated the setting pdnts

of a number of hydrocarbons between Cs and Cjo, and the agree-

mmit between the calculated and observed values is shown in

TaUe XXII. It will be noted that while the calculated and ob-

served setting pdnts of the lower membm differ materially, the

values for the higher members are in fair agreement.

King and Gamer have expressed the melting points of the

ethjd esters of even ac ds containing twenty or less carbon atoms

by the equation = (0.7630w -|- 0.63)/(0.00179n -|- 0.01475),

and ofthose (rfeven adds containingmorethan twenty carbon atoms

by the equation = (0.7081» - 3.28)/(0.001796n - 0.0012).
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The is stable at the oieltiiig pdnt for esters of aekk whidi

contain less tium twenty carbon atoms, and tbe ct-form is staUe

for the hi^er esters. The agreement betwedi the observed and

TABLE XXU

CAlCnLATED AND ObSEBVED SbTTINO POINTS OW HtDBOCABBONS, Db^BES
Abboldtb

C Atoms Observed Calculated

5 143.4 112.4

6 178.6 146.3

7 182.2 173.4

8 215.6 195.2

9 222.0 213.4

10 241 228.8

11 246 5 241.9

12 261 253.2

13 266.8 263.1

14 278.5 271.7

15 283 279.4

16 293 286.3

17 295 292.7

18 301 298.0

19 304 303.1

20 309.7 307.7

22 316.8 316.0

26 329.1 328.6

30 338.5 338.6

34 345.4 346.0

35 347.0 347.7

36 349 349.2

40 353.8 354.6

50 365.1 365.0

54 368 367.9

60 371.9 371.8

62 373.5 372.9

64 375 374.0

70 378.3 377.2

experimental values for the setting points of the even ethyl esters

as reported by these authors is shown in Table XXIII.
Later these authors 'Weveloped the equation T = (1.083n —

4.15)/(0.002839n — 0.00185) for the even methyl esters and the

equation T = (0.8380n - 5.58)/(0.00224n - 0.00904) for the odd
ethyl esters. The agreement between the observed and calculated

values is shown in Table XXIV.
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Assuming that the increments in the heats of crystallisation are

the same for all homologous series, Gamer and Rushbrooke^’

have devdoped the' following equation for the melting points of

TABLE XXIII

Calculated and Observed Setting Points of Even Ethyl Esters,

Degrees Absolute

No. of C Atoms
Acid Calculated Observed

6 204.4 205.5*

8 231.6 229 *

10 253 253.1 *

12 270.1 271.3

14 284.1 284.0

16 205.909) 296.2(/9)

292.3(a) 292.3(a)

18 305.9(/9) 306.4(i8)
*

304.2(a) 304.1(a)

20 313.4 313.4

22 321.0 320.8

24 327.1 327.2

26 332.4 332.6

30 341.0 341 3

* Denotes melting point.

the even members of a homologous series: T = (x + 1.030n)

{y + 0.0002652n), where x and y are constants depending upon

the nature of the terminal group. The values of x and y for myristic

TABLE XXIV

Observed and Calcxtlated Setting Points of Esters, Degrees Absolute

No. of C Atoms Methyl Esters Ethyl Esters
^

in Add Calcd. Observed Calcd. Observed

10 251.7 255

12 274.4 278 . ....

14 290.5 291.4 . , . . .

.

15 .... , 285.1 285

16 302.5 302.1 . ....

17 .... . #299.0 298.2

18 311.4 310.8 . ....

19 .... 309.1 309.1

20 318.7 318.4 ... .

21 .... 317.0 318

22 324.5 324.8 . .

.

. .

.
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add and several of its derivatives were determined by these

authors. These values were then employed in the calculation of

the melting points of the various members of the respective series.

The values of x and y were reported to be as follows: myristic add,

—3.68, —0.00426; myristamide, —1.50, —0.00277; methyl m3nis-

tate, —3.79, —0.00066; ethyl myristate, —3.25, +0.00220; and
myristyl alcohol, —2.66, +0.00072. It is of interest to note that

although the melting points of the higher members of most homolo-

gous series increase with an increase in molecular wdght, those of

the anilides and p-toluidides ^ exhibit a distinct minimum, and

no correlation exists between the melting points of the amides and
the number of carbon atoms. The various melting points reported

in this chapter have been given for the purpose of illustrating corre-

lations which exist between these values and the structures and

other thermal properties of long-chain compounds. Readers inter-

ested in the melting points of individual members of aliphatic series

should consult those chapters where such compounds are discussed

in detail.

The Heats of Crystallization, Specific Heats, and Heats of

Transition of Long-Chain Compounds

The heats of ciystallization of the monobasic acids are recorded

in Table II. Figure 2 shows that these values when plotted against

the number of carbon atoms form two parallel lines which do not

converge with increase in molecular weight. If we consider the

odd and even acids as separate series, it will be noted that, for

acids containing ten or more carbon atoms, the increment in the

heat of crystallization brought about by the addition of a methyl-

ene group is constant for each series, being 1.03 kg. cal. for the

even and 0.97 kg. cal. for the odd acids. The heats of crystalliza-

tion reported in the literature for long-chain compounds generally

refer to the forms stable at the melting points. Since the heats of

crystallization of the various polymorphic forms differ by the

heats of transition, generalizations regarding increments in the

heats of crystallization with increase in carbon content within

any particular series should refer to identical forms. For example.

Gamer and Randall ^ reported the heats of crystallization of the

oe-forms of nonanoic and imdecanoic adds to be 4.85 and 6.00 kg.

cal./mole respectively, the heats of the transition a being

1.33 and 1.84 kg. cal./mole, and the heats of crystallization of

the /3-forms, 6.17 and 7.84 kg. cal./mole. The heats of crystaUiza-
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tum of the differoit series vaiy, and it is evident that the nature

of the terminal group exerts a decided influmce. The heat of

dystallisation of a long-chain compound is a function of the heats

of ciystallisation of both the teimipal group and the hydrocarbon

diain. The former of these is constant for any particular series,

such as similar forms of the odd acids, the even adds, the odd or

ev&L esters, and so on, but the latter is a fimction of the chain

length. The effect of the terminal group is more pronounced in

the shorter-chain compounds, and this fact probably accoimts for

the various abnormalities, such as the maxima or minima in physi-

cal properties, which are frequently encountered at the five-carbon

member.
TCing and Gamer ^ stated that long-chain compounds can be

divided sharply into two classes, namely, tilted and vertical forms.

In the tilted forms the increments in the heats and the entropies

of crystallization are approximately the same for the different

series. Variations in the angle of tilt, therefore, do not profoundly

infiuence these values. In this group the specific heats for the solid

state are lower than those for the liquid state, and the values ob-

tained for the cross-sectional areas, 18.3 to 18.5 X 10”^® sq. cm.,

indicate that the chains are closely packed. Malkin ^ has postu-

lated that those forms of even-carbon compounds which contain

tilted chains are separated by similar, closely packed planes, while

the odd-carbon members containing tilted chains are separated by
alternate loosely and closely packed planes. The latter stmcture

accounts for the lower melting points of the odd members of a

homologous series. Those forms which possess chains which are

vertical with respect to the plane containing the terminal groups

possess distinctly lower heats and entropies of cr3nstallization, the

values varying among the different series. Members of this group

possess sm^er specific heats and larger cross-sectional areas, 19.6

to 19.9 X 10'“’^® sq. cm., indicating a less-dense packing. It has

been stated ” that these vertical chains are free to oscillate about

the chain axis, and that the energy of oscillation increases rapidly

with increase in temperature. Consequently, because of the oscil-

lation energy, less thermal energy is required for the conversion

from the solid to the liquid state. The thermal behavior of the

odd-carbon saturated hydrocarbons has been explained on the

basis of the possession of rotating and non-rotating vertical chains.

The odd paraflSns above undecane crystallize in the vertical, rotat-

ing form, which changes revenibly into a non-rotating form upon
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further cooling.*^' King and Garner^ aaaembled the data

upon the thermal properties of several series of long-chain com-

pounds, and the summary is shown in Table XXV.

TABLE XXV

Thermal Properties of Several Series of Long-Chain Compounds

Heat of Av 8p. Av Sp. Hmt Con- Heat of

Cryetn. Entropy Heat of of leq. for vergence Cryetn. of

per pd* CH2 Sohd Range 30* Temp Terminal

CH2.kg Group Forma, above MP.. (calc.). Gronpa,

Seriee cal xio* eal/g. cal/g. *Aba. kg. cal.

Even Aade 1.03 2562 0 48 053 388.5 -1.55

Tilted
Odd Adda 0 97 2505 0 44 0.54 385 2 -2 56

Even MeEeters 1 08 2830 0 43 0 52 381.5 -1.08
Forme

(T) Hydrocarbone 1 0 0 44 0.57

.(T) Ethyl Eetere 1.04 0 43 0 52

Vertical

Forme

(V) Odd Et Eetere 0 84 2240 0.03 0 50 -3 00

(V) Even Et Eetere 0.71 1766 0 71 0 52 394.2 -1.86

,
(V) Even Hydrocarbone 0 61 1491 1.05 0.57 408.0 -0.53

The heats of crystallization of several series of aliphatic com-

pounds have been investigated, and the data so obtained have been

of value in correlating the thermal properties of these substances.

An appreciable amount of work, for example, has been done by
King and Gamer and by van Bellinghen on the methyl and
ethyl esters of the saturated acids. The x-ray studies of Malkin ^

indicate that the methyl esters exist as double molecules, whereas

the ethyl esters form single molecules. The latter exhibit at least

two modifications, a vertical or transparent a-form and a tilted

or opaque /5-form, the angle of tilt being 67®35'. The transforma-

tion is reversible for the odd esters but is irreversible for the even

esters. The relative stability of the vertical form becomes greater

with increasing molecular weight, the /5-form being stable for even

esters of acids containing twenty or less carbon atoms. Since the

vertical forms are stable for the ethyl esters of the C17 and C19

acids, the shift in relative stability occurs at a lower chain length

for the odd esters.

The methyl esters of acids which contain an even number of

carbon atoms are apparently obtained only in the tilted form, the

angle of tilt being 63°, whereas the methyl esters of the odd acids

exist in at least two modifications, the angles of tilt having been

reported to be 67.5° and 75°. The latter form was assumed by
Malkin ^ to consist of single molecules, but the investigation of

King and Gamer ^ did not reveal any unusual thermal effects

whidi diould accompany a dissociation from double to single
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mdecules, and these authors were of the opinion that tiiis fonn

possesses a vertical chain. The heats of crystallization, specific

heats, and heats of transition of the ethyl esters of the saturated

acids as reported by Rang and Gamer ^ and by van Bellinghen

are shown in Table XXVI.

TABLE XXVI

Thebmal Properties of Ethtl Esters of Saturated Acids

No. of C Heats of Ciystn.
Heat of the

Transition

Specific Heats

(cal./g.)

Atoms in (kg. cal./g.-moL) a fi
Liquid Solid

Acid a (kg. cal./g.-moL) a 0
1 2.2 .... .... ... a

2 2.25 .... a . . . ... a

3 3.0 • . • • a . . . . a a a

8 5.75 • . • • a . . . a a • a

9 7.10 .... a a . . ....

10 7.56 .... a . . . ....

11 7.62 .... a • • . ....

12 9.475 0.48 a a . . 0.34

13 10.20 .... • • • • • a

14 11.17 0.50 a a . a . . .

16 12.68 . .

.

0.50 a a . a 0.39

17 8.66 12.62 3.96 0.50 0.76 0.44

18 9.436 14.31 4.874 0 50 a . . a 0.45

19 10.32 14.74 4.42 0.50 0.64 0.46

20 10.93 16.39 5.46 0.53 0.72 0.44
22 12.42 18.63 6.21 0.55 0.65 0.44

24 13.82 20.57 6.75 0.53 0.72 0.42

26 15.22 22.66 7.44 0.53 0.73 0.43

30 17.93 25.98 8.05 0.55 0.79 0.45

Similar data for several of the methyl esters as reported by King
and Gamer ® are shown in Table XXVII.

TABLE XXVII

Therical Properties of Methyl Esters of Saturated Acids

No. of C Heat of Ciystn. Specific Heats (cal./g.)

Atoms (kg. cal./g.-mol.) Solid

in Acid (Tilted Form) liquid (Tilted Form)

14 10.63 0.53 0.48
16 13.23 0.52 0.44
18 15.40 0.51 0.43
20 17.62 0.52 0.42
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The only methyl ester of an odd-carbon acid examined by these

authors was methyl nonadecanoate. The observed heats of ciystal-

lization were 14.87 and 10.24 kg. cal./g.-mol. for the tilted and
vertical forms respectively, the heat of transition was 4.63 kg.

cal./g.-mol., and the specific heats were 0.45 and 0.62 cal./g. for

the tilted and vertical forms respectively.

The heats of crystallization of several higher hydrocarbons have

been determined by Gamer, Van Bibber, and King,^ and their

results are shown in Table XXVIII.

TABLE XXVIII

Thermal Properties of Hydrocarbons

Heats of Crystallization

No. of C (kg. cal./g.-mol.) Heat of Transition

Atoms oe-Form /J-Form (kg. cal./g.-mol.)

22 11 70 18.60 6.90

26 14.04 22.41 8.37

30 16.45 25.17 8.72

34 19.11 30.59 11.48

The o-form possesses a glasslike appearance and is stable at

the melting point. This form is transformed into the opaque

/3-modification at a temperature several degrees below the melting

point, the transition being reversible.

Physic^ Properties of Mixtures of Long-Chain Compounds
The physical properties of binary mixtures of fatty acids have

been extensively investigated, particularly as regards the melting

or setting points of such mixtures and also their atomic spacings.

The actual stmcture of binary or polycomponent mixtures of

fatty acids is still not clearly imderstood, in spite of the rather

large amount of experimental data which have been accumulated.

The pioneer investigations of de Visser upon mixtures of stearic

and palmitic acids led to the concluaon that compounds are en-

countered in the vicinity of the 50-50 mixture. Heintz,^ in a
study of mixtures of lauric, myristic, palmitic, and stearic acids,

had observed equal lowering of the freezing points for the addition

of equimolecular proportions of a lower-melting to a higher-melting

acid; however, since he considered the molecular weights of these

four acids to be equal these data are of questionable significance.

In 1914, Twitchell*’ investigated binary systems of fatty acids

with the object of using the freezing point method as an analytical
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procedure. Most of tiiis preliminaiy work, however, was done

upon acids of such doubtful purity that the results were extremely

qualitative in nature and frequently led to erroneous conclusians.

The melting points and long crystal spacings of a number ol

equimolecular mixtures of both even and odd adds have been

determined by Francis, Piper, and Malkin,^ and their results have

been of value in helping to evolve the structures of such mixtures.

The melting points of the equimolar binary fatty acid mixtures

investigated by these authors are shown in Table XXIX.

TABLE XXIX
Mei/ting Points of EQUUfoiiAB Mixtures of Acids

c A M.P. of C A M.P. of

Content Lower Acid Content Lower Acid

of Adds M.P., ®C. m Mixture of Acids M.P., ®C. in Mixture

14 + 15 47.7 -6.3 14 + 16 48.3 -5.7
15 + 16 54.6 +2.5 15 + 17 51.4 -0.7
16 + 17 58.0 -5.1 16 + 18 57.0 -6.1

17 + 18 62.8 +0.8 17 + 19 59.2 -2.8
18 + 19 65.0 -5.1 18+20 64 6 -5.5
19+20 69.8 +0.4 19 + 21 67.0 -2.4
20 + 21 70.8 -4.4 20 + 22 70.8 -4.4
21+22 74.9 -0.3 21+23 72.7 -2.5
22 + 23 75.8 -4 2 22 + 24 75.7 -4.3
23+24 79.8 +0.2 23 + 25 77.1 -2.5
24 + 25 80 6 -3 4 24 + 26 79.8 -4.2
25+26 83.1 -0.1

The crystal spacings of a number of equimolar mixtures of odd

and even acids have also been determined by these authors, and

sopie of their results are shown in Table XXX.

TABLE XXX
Crystal Spacings of Binary Fatty Acid Mixtures

C Content of Observed Spacings

Acids (C) in A
14 + 15 32.9

15 + 16 35.8

16 + 17 37.2

17 + 18 39 8

18 + 19 41.6

19 + 20 43.7

20 + 21 45.6

21+22 47.9

22 + 23 50.0
no I nj cn 1



PHYSICAL PROPERTIES OF MIXTURES 965

The foUowing comments were made by these authors upon the

observed crystal spacings:

... A fused equimolar mixture of acids with chains of n and n + 1

carbon atoms appears to crystallize with the molecule of n atoms joined

carboxyl to carboxyl with tiiat containing the n + 1 atoms. The spac-

ing of such crystals falls on one of the C lines (spacings plotted against

carbon content) exactly halfway between those of the acids containing

the n and n + I carlx)n atoms. It is interesting that these mixed

cr3rstals tend to have alternately the habit of the odd and even acids,

the form assumed being that of the skorter molecule. For instance, the

combined molecules of the acids with 16 + 17 carbon atoms give a spac-

ing which falls on the eoen C line at a point midway between the pure

acids 16 and 17. But the mixture of acids with carbon contents of

17 + 18 gives a spacing on the odd C line also midway between those

of the pure acids.

The unit cells of pure adds and of binary acid mixtures as de-

picted by Francis, Piper, and Malkin are shown in Fig. 12.

Equal Chains Unequal Chains

The assumption that double molecules are formed between acids

having different carbon contents appears to be a logical explana-

tion of the observations resulting from the study of equimolar

add mixtures. It is evident, however, that mixtures of equimolar

composition represent only a spedfic case, and that it is necessary

to obtain data upon mixtures which vary over a wide range of

composition before generalizations relative to the physical state

of fatty acid mixtures can safely be presented. The extensive x-ray

investigations of Slagle and Ott ^ have diown that each mixture
gives a single q>acing and that the charpness di the lines is com-
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parable to those observed for the pure adds. Thus, for any com-

position a definite spacing is obtained which is characteristic of

that particular mixture. The data of Slagle and Ott indicate that

complete solid-solution formation is encountered in binary mix-

tures even when the components vary by as many as four carbon

atoms, that is, Cn and Cn+4 ,
and that at least partial solid solu-

tions exist for mixtures whose components differ by five, six, or

dght carbon atoms. Single spacings are also observed in mixtures

containing more than two components, thus indicating that solid

solutions are also formed in these polycomponent mixtures.

Fatty acid mixtures apparently occur in several polymorphic

modifications, and according to Slagle and Ott these mixtures can

exhibit more modifications than those observed for the pure acids.

For instance, a sample containing 43.8% capric acid and 56.2%
lauric acid, when observed immediately after preparation, gave

two spacings, 25.12 A and 25.90 A; after two days the sample

showed the spacings 25.08 A and 26.92 A; and after two weeks,

only one spacing, 26.92 A. The former spacings, therefore, repre-

sent unstable modifications. Four modifications were observed in

a sample containing 24.8% capric acid and 75.2% tridecanoic acid.

Phillips and Mumford showed that the unstable modification of

hexadecane is stabilized by the addition of 5% of octadecane.

Smith observed that ethyl stearate stabilizes the unstable form
of ethyl palmitate. The spacings of mixtures of capric and un-

decanoic adds as observed by Slagle and Ott^ are shown in

Table XXXI.
TABLE XXXI

Long Crystal Spacings of Mixtures of Capric and Undecanoic Acids

Mole % Cio Mole % Cii Av Spacing

0.0 100.0 25.32
10.7 89.3 25 03
20.8 79.2 24.69

30 2 69 8 24.55

41.8 58.2 24.38

51.8 48.2 24.20

61.9 38.1 23.71

71.4 28.6 23.58

81.2 18.8 23.33
90.7 9.3 23 19

100.0 0.0 23.02

Table XXXII shows the spacings observed by these authors for

mixtures of palmitic and stearic adds. The values are in agree-
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ment with those reported previoudy by Piper, Malkin, and

Austin.*^

TABLE XXXII

Long Crystal Spacinos of Mixtures of Palmitic and Stearic Acids

Mole % Cis Mote % Ci8 Av. Spacing

0.0 100.0 39.83

10.7 89.3 39.72

27.2 72.8 39.49

52.5 47.5 38.50

76.7 23.3 38.14

90.7 9.3 35.88

100.0 0.0 35.52

A plot of the spacings of mixtures of capric and undecanoic acids

from Table XXXI shows that the values fall approximately upon
a line connecting the spacings of the pure acids. When the spac-

ings of the mixtures of palmitic and stearic acids are plotted against

percentage composition of the mixture, however, it becomes appar-

ent that these mixtures exist in more than one modification. The
fact that definite single spacings are obtained for binaiy as well as

for polycomponent mixtures of acids can be taken as indicative

that such mixtures form complete solid solutions, but further con-

firmation is necessary before this statement can be considered as

conclusively proved.

Studies of the freezing points and other thermal effects in binary

mixtures of fatty acids have supplied an extensive amount of data

upon the physical state of such mixtures. Although these studies

have somewhat correlated the investigation of the spacings as

shown by x-ray measurements, it cannot be stated that the two

are in complete agreement. It must be realized, therefore, that

conclusions developed as a result of either type of analysis of fatty

acid mixtures are only tentatively acceptable until they can un-

qualifiedly be correlated to those of the other types or until other

methods of study are applied.

The binary system eicosanoic add-stearic acid has been investi-

gated by Morgan and Bowen,®® who concluded that the type of

curve obtained by plotting the melting points of the mixtures

against their composition indicates the formation of a bimolecular

complex containing one molecule of eicosanoic add and one of

stearic add. Compound formation between adjacent pairs of even

adds has also been suggested by the studies of Bhatt, Watson, and

Patel and of Meyer and assodates,®^®® the latter of whom inves-
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ligated the binaiy systems of lignoceric add with palmitic and

stearic acids. The studies of Efremov and coworkers on

binaiy systems of palmitic acid with lauric add, myristic acid,

elaidic add, and oleic acid indicate that palmitic acid forms solid

solutions with myristic, lauric, and elaidic acids, but not with oleic

acid. Although this latter observation is surprising, it has received

partial confirmation from Brocklesby,^“ who has shown that un-

saturation decreases the extent to which acids of the same carbon

content associate. Bruni and Gomi and also Mascarelli and

coworkers had previously stated that da ethylenic acids do not

form solid solutions with saturated acids, and the more recent in-

vestigations of Smith indicate the absence of compound forma-

tion between oleic and stearic acids. Whatever the explanation,

it must be admitted that binaiy systems which involve unsatura-

tion in one or both of the components show liquidus curves which

are quite different from those shown by ^sterns involving only

saturated acids. Since it has been shown that compound forma-

tion occurs between saturated acids,^“'^°®»^®^»“* it has been postu-

lated that lack of symmetry may retard the crystallization of a

compoimd formed between a saturated and an unsaturated acid.

The binaiy i^stems palmitic acid-stearic acid, palmitic acid-

margaric acid, and margaric acid-stearic acid, as well as the ternary

system palmitic acid-margaric add-stearic acid, have been inves-

tigated by Shriner, Fulton, and Burks.^®® The freezing points of

the mixtures of palmitic and stearic adds as determined by these

authors are shown in Table XXXIIl. The plot of these freezing

TABLE XXXIIl

Freezing Points of Binary Mixtures of Stearic and Palmitic Acids

Mole Palmitic Acid Mole Stearic Acid F.P., ^C.

0.0 1.0 68.40

0.1 0.9 66.25

0.2 0.8 63.65

0.3 0.7 61.20

0.4 0.6 58.15

0.47 0.53 56.10

0.5 0.5 55.90
0.6 0.4 55.40
0.7 0.3 54.00
0.725 0.275 53.60

0.75 0.25 53.95
0.8 0.2 54.85
0.9 0.1 57.50
^.0 0.0 60.70
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points against molecular composition (Fig. 13) shows a change 6[

direction in the vicinity of the equimolecular mixture, and a
‘‘eutectic’’ or minimum melting point at 63.6®, corresponding to

the sample having the composition 0.725 mole of palmitic add and
0.275 mole of stearic acid. This indicates the formation of an
equimolar compound possessing a non-congruent melting point,

although Slagle and Ott** have contended that the change of

direction shows a change in modification only, and Shriner, Fulton,

Fig. 13. Freezing points of binary mixtures of stearic and palmitic acids.

and Burks observed no e^dence of compound formation in the

systems palmitic acid-margaric acid and stearic acid-margaric acid.

Later, Ashton, Robinson, and Smith stated that mixtures of

tricosanoic and tetracosanoic adds form simple Type III solid

solutions with no evidence of compound formation. In the same
year, however. Smith observed changes in direction in the neigh-

borhood of equimolar mixtures for the systems formed by margaric

and palmitic acids and margaric and stearic acids and stated that

compound formation between odd and even acids is clearly indi-

cated. According to Smith, the shapes of the liquidus curves show

that in such mixtures the double molecules of palmitic acid

(Pi-Pi), margaric acid (Mi-Mi), and stearic acid (Si-Si) are re-

placed by double molecules of the type (Pi-Mi) or (Mi-Si). The
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suggestion was advanced that compounds of the type (M3-P1),

(M3-S1), or (M1-S3) are also present.

In a study of the systems ethyl stearate-ethyl palmitate and
1-hexadecanol-l-octadecanol, Smith reported that such systems

form solid solutions, complicated by the presence of polymorphism

in the former. Both liquidus and solidus curves were determined

for these two systems. Smith likewise studied the system 1-iodo-

TABLE XXXIV

Freezing Points of Binary Mixtures of Capric and Lauric Acids

Capnc Acid Launc Acid

Mole % Mole % F.P., “C.

100.0 0.0 31.2

91.7 8.3 26.8

79.9 20.1 21.3

75.6 24.4 20.3

73.4 26.6 19.8

72.5 27.5 19.6

71.1 28.9 20.4

62.5 37.5 22.3

57.3 42.7 22.9

52.6 47.4 23.0

50.0 50.0 24.0

49.7 50.3 24.2

43.0 57.0 27.7

35.2 64.8 31 2

27.1 72.9 34.5

18.9 81.1 37.6

9 6 90 4 40.9

0.0 100.0 43.9

hexadecane-l-iododctadecane, which apparently forms an equi-

molar compound possessing a non-congruent melting point. The
i^stem shows a minimum melting point at 20.1° corresponding to

approximately 22% of the higher-melting component. No eutectic

halt was observed for the system, its absence being attributed to

polymorphism of the 1-iodohexadecane. Both liquidus and solidus

curves were obtained by Smith for the system hexadecane-

octadecane, the system apparently forming a series of solid solu-

tions. The presence of octadecane stabilizes the metastable, trans-

parent modification of hexadecane, large transparent ciystals first

appearing and then transforming into the stable form. The meta-

stable modification can be retained for a period of several hours if

the mixture is not stirred. This presents an example of the greater
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stability of metastable phases in mixtures as compared to those of

the pure components. The amides and anilides were observed by
Guy and Smith to form solid solutions exhibiting minimum
melting points and indicating the formation of equimolar com-

pounds possessing non-congruent melting points. The data ob-

TABLE XXXV

Freezing Points of Binary Mixtures of Undbcanoic and Lauric Acids

Undecanoic Acid Lauric Acid

Mole % Mole % F.P., ®C.

100.0 0.0 28.2

d2.4 7.6 27.6

- 85.4 14.6 27.4

80.0 20.0 27.3

77.6 22.4 27.4

74 6 25.4 27.6

71.3 28.7 28.0

67.6 32 4 28 6

64 6 36.4 29.2

59 3 40.7 29.9

53 8 46 2 30.7

50 9 49 1 31.1

48 7 51.3 31.5

47 5 52 5 31.6

46 3 53.7 31.9

44.0 56.0 32.4

42 6 57.4 32 8

41.2 58.8 33 1

36 1 63.9 34.4

33.0 67.0 35.1

25.0 75.0 37.4

22.6 77.4 38.0

10.3 89.7 41.2

9.8 90.2 41 4

0.0 100.0 43.9

tained by these authors for the system methyl palmitate-methyl

stearate are inconclusive, owing to variation in the relative stabil-

ities of the polymorphic forms with change in composition of the

mixture.

In their study of binary mixtures of fatty acids, Kulka and
Sandin called attention to the fact that whatever conclusions

are accepted as a result of the previous work upon binary fatty

acid systems, all the melting point curves of systems involving even

acids which differ by two carbon atoms are quite similar, showing



372 STRUCTURE AND PHYSICAL PROPERTIES

an inflection in the vicinity of the equimolar mixture and a mini-

mum at approximately 72.5 mole per cent of the loweivmelting

acid. Although systems involving odd and even adds show much
less abrupt changes, they do exhibit significant inflections. This

is shown by the data presented by Kulka and Sandin on the binaiy

systems capric add-lauric add (Table XXXIV) and undecanoic

acid-lauiic add (Table XXXV).

MOLE % LOWER ACID

Fig. 14. Systems: capric acid-lauric acid; undecanoic acid-lauric acid.

A plot of the values contained in Tables XXXIV and XXXV
(Fig. 14) shows a minimum melting point for the capric acid-lauric

acid system at 19.6°, the composition being 0.725 mole of capric

acid and 0.275 mole of lauric acid. The curve of the imdecanoic

acid-lauric acid system shows a change of direction in the vicinity

of the equimolar mixture. The eutectic temperature for the

system myristic acid-pahnitic add was shown to be 45.2° at a
composition containing 0.75 mole of myristic acid.

Schuette and associates have investigated the binary i^stems

formed by adjacent pairs of the even acids from capric to tria-

contanoic acid, and have observed two distinct points of inflection

in the freezing point-composition curves for all binaiy systems of

the lower molecular weight acids studied. The values for the

higher molecular weight acids approach a smooth curve which
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these authors interpreted as evidence of a decreased tendency

toward compound formation. This conclusion, however, is only

tentatively acceptable, since the absence of decided points df

inflection in these curves would be logically expected when com-

pounds possessing very long chains are involved. The transition

from a discontinuous to an

approximately smooth curve

with increase in the chain

lengths of the acids is shown

in Fig. 15, in which the values

reported by these authors for

the freezing points of the sys-

tems capric acid-lauric acid,

stearic acid-arachidic acid, and

octacosanoic acid-triacontan-

oic acid are plotted against

the molecular compositions of

the mixtures. One of the con-

fusing points in the study of

the binary fatty acid systems

is the difiiculty in locating

the solidus curve, although

Jantzen has reported that

its position can be determined

by employing extremely slow

rates of cooling. Schuette

and associates are of the

opinion that the solid-solu-

tions area between the liquidus

and solidus curves is quite

0 20 40 . 60 80 100

MOLE % OF LOWER ACID

Fig. 15 Systems: capric acid-lauric

acid; stearic acid-arachidic acid; octar

cosanoic acid-tnacontanoic acid.

small, so that the two curves

are nearly superimposable. The difiiculty in obtaining eutectic

halts in mixtures of saturated acids is significant and may be con-

sidered as evidence of solid-solution formation. A major difBculty

in the study of binary mixtures of long-chain compounds is that

of obtaining equilibrium conditions. The transition of a meta-
stable to a stable form is often very rapid, and determinations

of the cooling and heating curves frequently give incondusive

results. Dilatometric studies are very valuable in locating tran-

sition points and can be employed advantageously in conjunction

with other thermal studies.
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Binary systems involving unsaturated components have not

been extensively investigated. The work which has so far been

reported indicates that these systems differ rather materially from

systems involving only saturated components. The comment has

previously been made in this chapter that unsaturation is accom-

panied by a marked decrease in association tendency; however,

double molecules are apparently formed between saturated acids

and the trans forms of ethylenic acids. Smith has investigated

MOLE % OLEIC ACID

Fig. 16. System: Imoleic acid-oleic acid.

the systems oleic acid-stearic acid and oleic acid-palmitic acid and

has stated that the curves are of the eutectic type, the eutectic

compositions being 94% oleic acid-6% palmitic acid and 98% oleic

acid-2% stearic acid, the eutectic temperatures being 12.10° and

13.1°, respectively. Smith attributes the lack of compound forma-

tion to the presence of the “bent” methylene chain. The ternary

system stearic acid-palmitic acid-oleic acid has been reported to

form a continuous solid solution.”^ Stewart and Wheeler have

investigated the binary systems formed by oleic, linoleic, and

linolenic acids. Linoleic acid appears to form a eutectic with

a-oleic acid at 75.2 mole per cent linoleic acid and with jS-oleic acid

at 76.3 mole per cent linoleic acid, the eutectic temperatures being

— 10.0° and —9.8°, respectively. Figure 16 shows the melting

point-composition diagram of oleic acid-linoleic acid as obtained

by these authors. Since the reported melting points were obtained

by the capillary method, no thermal effects in the solid phase were



THE SOLUBILITIES OF LONG-CHAIN COMPOUNDS 376

investigated. The curves for the oleic acid-linolenic acid system

are similar in form to those of the oleic acid-linoleic acid i^stem.

No compound formation is evidenced, the eutectic for the a-form

of oleic acid appearing at 82.7 and for the /3-form at 85.5 mole

per cent linolenic acid, the temperatures being — 15.7° and — 15.1°,

respectively. The linoleic acid-linolenic acid mixtures exhibit no
eutectic or compound formation, the curve indicating the forma-

tion of a continuous series of solid solutions.

From the above consideration of mixtures of fatty acids or their

simple derivatives, it is evident that our knowledge of such mix-

tures is by no means complete. Compound formation in binary

mixtures of saturated acids or some of their derivatives is certainly

one of the logical conclusions which can be drawn from the existing

data. Solid-solution formation between either the saturated com-

pounds or their complexes is likewise clearly indicated, although

the failure in many instances to locate a solidus curve is somewhat

confusing. Polymorphism appears to play a more prominent role

in mixtures than in the pure compounds themselves, particularly

with reference to the stabilization of metastable forms. No logical

explanation of this effect has been advanced, as yet. Systems con-

taining unsaturated components have not been studied sufficiently

to warrant many generalizations regarding their structures. Al-

though they appear to differ from mixtures which contain only

saturated components, the question as to whether this difference

is real or only apparent has not been answered conclusively. It

should be realized that it has been only mthin comparatively recent

years that fatty acid mixtures have received much attention, and

that many of the questions which now exist concerning their

structures can only be answered by further research in this field.

THE SOLUBILITIES OF LONG-CHAIN COMPOUNDS

Studies of the solubilities of the fatty acids and their derivatives

not only afford a large amount of useful data per se but also

provide valuable information relative to molecular association and

the molecular structures of long-chain compounds. Owing to the

rather appreciable effect of one compound upon the solubility of

another, it is of extreme importance that solubility measurements

be made upon highly purified compounds. Unfortimately, some
of the reported solubilities of long-chain compounds have been

obtained upon substances of somewhat questionable purity, and
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considerable disagreement among the recorded values has resulted.

Solubility data for some of the saturated acids have been com-

piled by Seidell, Lewkowitsch,^^ and Brown, and, in addition,

the literature contains many references to the solubilities of certain

acids in specific solvents.*

A number of cryoscopic and ebullioscopic measurements have

been made upon solutions of fatty acids in organic solvents, most

of the studies indicating that the fatty acids are appreciably asso-

ciated, especially in non-polar solvents. Frangois ^ has deter-

mined the degree of association of the fatty acids in benzene and

nitrobenzene, and has reported that association in the former

solvent decreases regularly up to myristic acid, after which essen-

tially constant values are obtained. Association of the fatty acids

in benzene has since been reported by several authors.”*

Broughton ** has shown that molecular association of the fatty

adds in cydohexane decreases regularly until lauric acid is reached,

after vrhich it commences to increase. Matavulj has reported

that fatty acids are associated in quinoline and pyridine solutions.

A number of investigators ^*®*^»^**^®*^*®*^” have reported that the

amides, and to a lesser extent the anilides, associate in various

non-polar solvents.

The solubilities of long-chain compounds in organic solvents

have been the subject of a number of theoretical studies, and the

complexity of this problem has been pointed out by Hildebrand

in a paper presented before the Faraday Society, which the

fundamental principles involved were ably outlined. Solubility

behavior is generally defined in relation to Raoult's law. Devia-

tions from ideal behavior result from dissociation, solvation, or

association of either component by the interaction of permanent

or induced dipoles, or by chemical interaction such as the formation

of hydrogen bonds. Many of these effects are predictable from

thennod3mamic considerations. Although deviations from ideal

behavior are generally attributable to the operation of such factors,

the influence of the so-called van der Waals’ forces is often deter-

minative as regards solubility behavior. The application of statis-

tics has afforded considerable insight into the solubility charac-

teristics of long-chain molecules. Baoult’s law follows from simple

* For a complete treatment of the solubility of non-electrolytes, the reader

is referred to Hildebrand, SohMUy of Non-Electrolytes^ A.C.S. Monograph
No. 17, 2&d ed., Beinhold Publishing Corporation, New York (1936).
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statistical considerations only when the molecules are of equal sise

and field. Mathematical treatments of the solubility behavior of

long-chain molecules in organic solvents are, therefore, quite in-

volved, owing to the differences in molecular size and shape of the

components of such solutions. The question of the application

of Raoult’s law to molecules of different size was raised by Guggen-

heim,^^‘ and the validity of this law for paraffin molecules has been

discussed by Hildebrand, who determined the solubilities of

dotriacontane in propane, butane, and heptane. More recently,

Huggins has shown that the large deviations from ideal be-

havior of solutions of long-chain molecules result from a non-ideal

entropy of mixing rather than from thermal effects. An equation

for the solubility of a solid, long-chain compound in an organic

solvent has been developed by this author and has been shown to

be in partial agreement with measurements of the solubilities of

tetratriacontane and hexacontane in decalin. The entropy of

mixing of long-chain molecules had previously been the subject of

several theoretical papers.^**-

The reader can easily surmise that the various theoretical studies

of the solubility behavior of long-chain compounds comprise a

subject which ^vill occupy the attention of scientists for some time

to come. Such studies mil have to include many more solubility

determinations upon compounds of established purity than have

so far been presented. It is beyond the intent or purpose of this

present writing to attempt more than a mention of the major

aspects of this interesting problem.

Until quite recently, only random solubility measurements of

pure fatty acids and their derivatives had been recorded in the

literature, and no comprehensive studies involving complete series

had been made. Within the past several years, Ralston and asso-

ciates have made an extended study of the solubilities of a number

of series of high molecular weight aliphatic compounds in a wide

variety of solvents and have developed several interesting correla-

tions between molecular structure and solubility. These investi-

gations have included not only the solubilities of fatty acids

in water and organic solvents, but also the solubilities in organic

solvents of aliphatic ketones, amines, anilides, and N,N-diphenyl-

amides,^^* nitriles,^^ primary amines^" and their salts,’®* second-

ary^^’ and tertiary amines, alcohols,^" and hydrocarbons.^®®

The solubilities of the fatty acids in water as determined by Ralston
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and Hoerr are tabulated in Table XXXVI. Isolated data upon

the solubilities of the fatty acids in water have previously been

reported by several investigators.^“»^“*^**'^“*^®®‘^®*

TABLE XXXVI

SOLXTBILITIES OF THE FaTTY AcIDS IN WATER

Grams Acid per 100 g. H2O
No.ofC
Atoms 0.0® 20.0“ 30.0® 45.0® 60.0®

6 0.864 0.968 1.019 1 095 1.171

7 .190 .244 0.271 0.311 0.353

8 .044 .068 .079 .095 .113

9 .014 .026 .032 041 .051

10 .0095 .015 .018 .023 027

11 .0063 .0093 .011 .013 015

12 .0037 .0055 .0063 .0075 .0087

13 .0021 .0033 .0038 .0044 .0054

14 .0013 .0020 .0024 .0029 .0034

15 .00076 .0012 .0014 .0017 .0020

16 .00046 .00072 .00083 .0010 .0012

17 .00028 .00042 .00055 .00069 00081

18 .00018 .00029 .00034 .00042 00050

It will be noted from Table XXXVI that the solubilities of the

acids in water decrease tremendously with increasing molecular

weight. Water is miscible with the first four members of the

normal saturated series of acids and is appreciably soluble in the

higher members, although the solubility diminishes with increase

in molecular weight. The effect of water upon the solidification

points of the fatty acids from caproic to stearic acid has been

reported by Hoerr, Pool, and Ralston.^" The solubility of water

in the fatty acids as reported by these authors is shown in Table

XXXVII.
Measurements of dissociation constants of monocarboxylic

acids indicate a small decrease in dissociation

with increase in molecular weight; however, direct comparisons

are rather difficult because of the limited solubilities of the higher

members of the series in water. Conant has made the following

statement concerning the dissociation constants of the members
of the fatty acid series: In the case of the whole group of

fatty acids I feel that probably the only conservative statement is
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that they all have the same acid strength within the tngnificance of

the experimental results (±0.5 pK unit).” Stable hydrosols of

both palmitic and stearic adds have been described by Mukheijee

and Datta/**^^** and these authors have calculated the dissodar

tion constants of stearic add to be 1.7 X 10~*' at 35° and

2.6 X 10~^ at 50°, from the solubility and conductivity values of

its hydrosol.

TABLE XXXVn

SoLTJBiUTT or Water in Fatty Acids

Acid %H20 Solution Temp.

Caproic 2.21 -5.4
4.73 12.3

7.57 31.7

9.70 46.3

Heptanoic 2.98 -8.3
9 98* 42 5

Caprylic 3.88 14 4

Nonanoic 3.45 10.5

Capric • 3.12 29 4

Undecanoic 2.72 26.8

4 21 57.5

Laurie 2.35 42 7

2.70 75.0

2 85 90 5

Tridecanoic 2.00 40.8

Mynstic 1.70 53.2

Pentadecanoic 1.46 51.8

1.62 90 0

Palmitic 1.25 61.8

Heptadecanoic 1.06 60 4

Steanc 0 92 68.7

1 02 92.4

* This value is erroneously reported as 8.98 in the orij^nal article, and the

author is indebted to Dr. E. Solomon for calling this error to his attention.

The solubilities of the fatty acids in organic solvents as deter-

mined by Ralston and Hoerr *”>*** show the liquid acids to be

misdble with all the solvents studied. The solubility of an odd-

carbon add is generally greater than that of its next-lower, even

homolc^, so that the solubility curves appear in pairs each contain-

ing an odd and an even add. This is illustrated in Fig. 17, which
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shows the solubilities of the fatty adds in 95% ethanol * as deter-

mined by these authors.

Alternation in the solubilities of the even and odd adds is not

surprising in view of the alternation in melting points. It is genr

erally recognized that a solid having a higher melting point is less

soluble at any given temperature than one having a lower melting

point, provided the heats of fusion are not materially different.

The solubility of an individual member of a homologous series in

a specific solvent can, therefore, be predicted by its melting point,

and increase in the solubility brought about by the addition of

* The solubilities of the even acids from lauric to stearic in 99.4% ethanol
by wdght, of both even and odd acids from caprylic to stearic acid m 95%
ethanol, of palmitic and stearic acids in 91.1% ethanol, and of steanc acid in

80.8% ethanol, at temperatures from 0° to 60® in increments of 10®, have been
reported by Ralston and Hoerr. Solubihty measurements of several members
of this series in ethanol have also been reported by the following: Timofejew,
Dissertation (Kharkaw) (1894); Hehner and Mitchell, Analyst, 21, 316 (1896);
Kreis and Hafner, Z. Uniersuch. Nahr,- u, Genussm., 6, 22 (1903); Bcr., 86,

2766 (1903); Emerson, J. Am. Chem. Soc., 29, 1750 (1907); Faldola, Gazz.

chim. ital.9 40, II, 217 (1910); Ruttan, Orij. Com. 8ih Intern. Congr. Appl.
Chem. (Appendix), 26, 431 (1912); Krober, Z. phynk. Chem., 93, 641 (1919);
Thomas and Mattikow, J. Am. Chem. Soe., 48, 968 (1926) ; Ekwall and Myliua
/. pmkt. Chem., 1S6, 133 (1933); Ku, Ind. Eng. Chem., Anal. Ed., 9, 103 (1937).
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another member of the series is in proportion to the melting pcwt
lowering. The solubilities of binary mixtures of the fatty acids

illustrate the close correlation which exists between melting point

and solubility. A study of the solubilities of mixtures of palmitic

and stearic adds shows that maximum solubility occurs at 70%
palmitic add and 30% stearic add, which is the minimum-melting

mixture of the system palmitic add-stearic acid. The solubilities

Fig. 18. Solubilities of stearic-palmitic acid mixtures in benzene.

of all mixtures of these two components are in relation to the

melting points of the mixtures. This is illustrated by a comparison

of the solubility curves for mixtures of palmitic and stearic acids

in benzene, Fig. 18, with the liquidus curve for the system palmitic

add-stearic acid. Fig. 19, as published by Schuette and Vogel.^®^

The same relationship was observed in the other solvents inves-

tigated. Binary mixtures of palmitic acid and heptadecane show
solubilities in 2-butanone which lie between those of the pure com-

ponents, the solubilities shelving a direct relationship to the melt-

ing points of the mixtures. Waentig and Pescheck have reported

several-fold increases in the solubility of a fatty acid in a non-pdar

solvent by the addition of a small amount of a lower homolog.

Increases in the solubilities of the acids of the magnitudes reported

by these authors could not be duplicated by the writer. Solubility
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measurem^ts o£ the fatty adds in acetone and 2-butanone show

pairing of the even and odd members.

The fatty adds form eutectics with bensene, the eutectic mixture

containing less of the add component with increase in molecular

wdght of the add. Pairing of adjacent odd and even members is

observed. The eutectics of the adds with b^zene occur at the

following concentrations of add and melt at the following tempera-

tures:‘» Cg, 60.4%, -10.5°; C9, 54%, -13.1°; Cio, 34.6%, - 2 .0°;

Cii, 38.9%, -4.0°; C12,
11 .2%, 4.5°; C13 , 14.6%, 3.7°; C14 ,

2.88%, 5.20°; Cis, 3.65%, 5.16°; Cie, 0.19%, 5.40°; C17 , 0.42%,
5.35°; C18, 0.015%, 5.50°. The acids also form eutectic systems

with glacial acetic acid, the eutectics having the following composi-

tions and melting points: Cg, 97.7%, —5.4°; C7 , 98.8%, —6.5°;

Cg, 80.0%, 3.1°; C9 , 83.6%, 1 .6°; Cjo, 55.1%, 8.6°; Cn, 57.5%,

8.0°; C12, 17.3%, 12.8°; C13 , 15.9%, 13.1°; C14 , 6.3%, 15.18°;

Ci5, 4.3%, 16.40°; Cm, 1.23%, 16.17°; C17, 0.58%, 16.34°; Cjg,

0.03%, 16.48°.

Brown and Foreman have recently determined the solubilities

of a number of both saturated and unsaturated fatty adds in

organic solvents at low temperatures (10
° to —70°). The solu-

bilities in acetone of some of the adds investigated are as follows:

stearic add, 46.9 g. per 1000 g. solution at 10°, 2.19 g. at 0°, and

0.38 g. at —10°; oldc add, 14.2 g. at —30°, 5.16 g. at —40°, 1.89

g. at —60°, 0.61 g. at —60°, and 0.40 g. at —70°; linoldc add,

48.2 g. at -50°, 14.2 g. at -60°, and 5.19 g. at -70°.
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The solubility behavior of the amides is unusual in that there

is little correlation with molecular weight, particularly in non-polar

solvents. There is also no correlation between their solubilities

and the polarities of the solvents. The solubility curves indicate

the amides to be highly associated, since they exhibit a decided

deviation from lineality. The solubility curves of the anilides and

N,N-diphenylamides differ from those of the amides in that they

fall in homologous order, although the solubilities of the latter are

linear with temperature only in benzene and the former show a

decided deviation from lineality even in this solvent.

Although the specific solubility data for the various fatty acid

derivatives are considered in the later chapters where these deriva-

tives are discussed in detail, there are some interesting correlations

which may be presented at this time. Immiscibility of the fatty

acid derivatives in the liquid state is encountered only with solvents

of high polarity, such as acrylonitrile, and then only for the higher

members of the series. The solubility curves generally show an

abrupt departure from lineality, supposedly indicative of associa-

tion, and this departure from a linear relationship is apparently

more marked the longer the alkyl chain. The solubility character-

istics of the aliphatic ketones, RCOR, resemble those of straight-

chain compounds having an equivalent number of carbon atoms,

and it is interesting to note that the secondary amines, RNHR,
show a similar relationship. An especially significant observation

is that the shapes of all the solubility curves of the various deriva-

tives in any specific solvent are qualitatively similar, irrespective of

the nature of the polar group. Thus, the solubility curves for the

nitriles, amines, alcohols, acids, and ketones containing the same

number of carbon atoms show a striking resemblance to each

other, indicating that the length of the alkyl chain is an important

factor in the solubility characteristics of long-chain compounds.

Although the solubilizing influence of polar groups is evidenced by
the fact that the hydrocarbons show very limited solubilities in the

highly polar solvents, it is noteworthy that the slopes of the solu-

bility curves of the hydrocarbons in a specific solvent are quite

similar to those of compounds which contain polar groups. This

is illustrated by the benzene-solubility curves of several compounds
containing sbcteen carbon atoms. Fig. 20, and by the curves of the

same compounds in 2-propanol, Fig. 21.

It is improbable that the hydrocarbons form a^ociated molecules

in solution, and it is therefore apparent that the length of the alkyl
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Fig. 20. Solubilities of palmitic acid and its derivatives in benzene.

WEIGHT % SOLUTE

Fig. 21. Solubilities of palmitic acid and its derivatives in 2-propaiiol.
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chain is a factor as regards the shape of the solubility curves. The
mutual attraction of hydrocarbon chains due to van der Waals’

forces should not be overlooked, and the decreased solubilities of

the higher molecular weight compounds, including the hydro-

carbons themselves, in the polar solvents may be due to the diffi-

culty of such solvents to overcome this attraction. Since associa-

tion increases the apparent chain length, the correlation of these

results with previous findings concerning molecular association in

solution should contribute information of fundamental importance

regarding the physical state of solutions of long-chain aliphatic

compounds.

PHYSICAL PROPERTIES OF FATTY ACIDS IN THE LIQUID
STATE

Structure

The general properties of the liquid state are characterized by
high internal pressures, evidencing a balance between repulsive

and attractive forces. Since molecules in the body of a liquid are

uniformly subjected to such forces, whereas those in the surface

are unequally influenced owing to the smaller number of molecules

per unit volume in the vapor phase as compared to the liquid

phase, the properties of the liquid state comprise not only those

which relate to the body of the liquid but also those which are

concerned with the surface. Temperature increases are accom-

panied by increases in the kinetic energy of the molecules which

militate against their orderly arrangement, the effect becoming

quite pronounced at the higher temperatures. It is not surprising,

however, that the physical properties of long-chain compounds,

determined by x-ray or other means at temperatures only slightly

above their melting points, show some resemblance to the proper-

ties of the solid state, and this has led some investigators to postu-

late that such compounds imitate a crystalline structure for this

state. The investigations of Stewart and Morrow upon the

liquid primary alcohols and of Morrow upon the liquid acids

indicate that the molecules are arranged longitudinally. The latter

author observed two characteristic spacings, one corresponding

to the lateral separation of the molecules and the other containing

the diffraction centers of the molecules and passing transversely

through the chains. The longitudinal spacing varies with the

number of carbon atoms in the molecule, whereas the transverse



386 STRUCTURE AND PHYSICAL PROPERTIES

spacing was observed to be 4.66 A for the acids. Warren has

stated that long-chain molecules are straight in liquids and that

neighboring molecules are roughly parallel, and Stewart has

concluded that there is a high probability that the polar groups in

long-chain alcohols have a three-dimensional space relation in the

liquid state. The assumption of any crystalline structure in liquid

alcohols has been questioned/^^ since the length of the carbon

chain for liquid 1-undecanol is less than that observed for the solid.

Orientation of the molecules in the surface of the liquid has long

been accepted and has been verified by the work of Trillat upon

the liquid fatty acids and the liquid alcohols. In generalizing upon

the structure of the liquid state of long-chain molecules, one must

realize that increasing motion of the particles attending increases

in the temperature of the liquid brings about a departure from an

orderly arrangement. Measurements made in the vicinity of the

melting points, therefore, are probably not representative of the

structural characteristics at higher temperatures.

Molecular association of the fatty acids and many of their

derivatives is clearly indicated. Generalizations with reference to

the influences which affect association in the crystalline state, such

as the nature of the polar group or the degree of unsaturation,

undoubtedly apply also to the liquid state and are helpful in ex-

plaining many of the observed properties.

Boiling Points

The boiling points of the saturated fatty acids increase with the

number of carbon atoms, the increase per carbon atom becoming

less as the series is ascended. The higher members undergo appre-

ciable decomposition at boiling temperatures under atmos-

pheric pressure. Association in the vapor phase is evidenced,

Fenton and Gamer having determined the heat of association

of heptanoic add in the vapor phase to be 7060 cal. per gram-mole

between 185® and 230®, the value varying somewhat with tem-

perature. The heat of association decreases with increase in the

length of the carbon chain.

Pool and Ralston have determined the boiling points of the

saturated adds from caproic to stearic acid inclusive at a number
of pressures, and the values reported are shown in Table XXXVIII.
The reader is referred to this article for previously reported boiling

points of these adds. The boiling points of the nitriles, amines.
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TABLE XXXVIII

Boiling Points of t^-Alktl Acids

Boiling Points in at Following Pressures in MiUimeters

No. of

C Atoms 1 2 4 8 16 32 64 128 256 512 760

6 61 7 71 9 82 8 94 6 107 3 120.8 136.0 152 5 171 5 192 5 205.8

7 74,.9 85 3 96 3 108 3 121 1 135 2 150 8 168 2 187 5 209.3 223.0

8 87 5 97 9 109,.1 121..3 134 6 149.2 165.3 183 3 203 0 225 6 239.7

9 08 9 109 6 121 2 134 0 147.5 162.4 178 8 196.0 217 4 240.9 255.6

10 110 3 121 1 132 7 145 5 159 4 174.6 191 3 209 8 230 6 254 9 270.0

11 119 8 131 1 143 3 156 5 170.8 186 1 203.1 222.2 243 8 268 7 284.0

13 130..2 141,.8 154 1 167,.4 181 8 107 4 214 6 234 3 256 6 282 5 298.9

13 139 9 151 5 164 2 177 8 192 2 207 9 225 8 245.9 268..6 295.4 312.4

14 149 2 161..1 173 9 187 6 202 4 218 3 236 3 257.3 281 5 309 0 326 2*
15 157 8 169 7 182 8 196 8 212 0 228 1 246 4 268 0 292 7 321 2 339.1

16 167 4 179 0 192 2 206 1 221 5 238 4 257 1 278 7 303 6 332 6«' 351.5*
17 175 1 187 6 200 8 214 9 230 7 247 9 266 6 288 4 314 3 343 8* 363 8*
18 183 6 195 9 209 2 224 1 240 0 257.1 276 8 299.7 324 .8 355.2*' 376 1

* Values obtained by extrapolation.

and are discussed in the later chapters where these specific deriva-

tives are considered.

Refractive Indices, Densities, and Molecular

Refractivities of the Fatty Acids in the Liquid State

Both the refractive indices and the densities of the liquid fatty

acids are easily determined constants, and the refractive index is

frequently employed as a criterion of purity. The importance of

these values is enhanced by the fact that by their use other fimda-

mental constants such as the molecular volumes or molecular re-

fractivities can easily be calculated. The molecular refractivity,

which has been shown to be partly constitutive and partly additive,

is obtained by the application of the Lorentz-Lorenz equation,

R =
- 1 M

71^ “H 1 d
—

,
in which R is the molecular refractivity, n is

the refractive index,M is the molecular weight, and d is the density.

The investigations of Eijkman and Scheij upon the refrac-

tive indices of the naturally occurring acids, and of Falk upon

those of butyric acid, were noteworthy contributions to this field.

The value of much of this earlier work is, however, limited by the

fact that the determinations were made at arbitrary and scattered

temperatures and with a limited number of compounds, thus

rendering it difficult to make comparisons among the recorded

values. Generalizations based upon these early values are, there-

fore, of somewhat questionable significance. In 1927, Waterman
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and Bertram determined the refractive indices at 70° of the

saturated acids from acetic to stearic add inclusive. Eisenlohr

and Wohlisch^® had previously shown that, except for small

constitutional differences, the product of the refractive index and

the molecular weight is additive. Waterman and Bertram

stated that the increments of this value show two distinct series

which change signs between the Cn and C12 acids. This, however,

has been criticized by Verkade and Coops on the basis that

alternation does not occur in the liquid state and that the fluctua-

tions actually reported fall within the limits of experimental error.

Undecanoic, lauric, and myristic acids have been examined by
Taylor and Eing^** by the total reflection method. Within a

temperature range from one to five degrees above the solidification

points, the surface layers of these acids showed birefringence, indi-

cating that within this temperature range an orientation is en-

coimtered similar to that observed in liquid crystals. From a

study of thin films of the saturated acids, Thibaud and Dupr6 la

Tour^“ have stated that the polymorphic forms of these acids

show important differences in their indices of refraction. Dorinson,

McCorkle, and Ralston have determined the refractive indices,

no, of the saturated fatty acids from caproic to stearic acid inclu-

sive, at a number of temperatures. When the values of the refrac-

tive indices are plotted against temperature, those between 40°

and 80° fall upon straight lines; however, a change of direction is

observed below 40°. A similar change of slope has recently been

reported for the refractive indices of the aliphatic nitriles. The
electron polarization of such compounds depends upon the statis-

tical orientation of the individual molecules within the body of

the liquid, but increasing temperatures, by causing an increase in

the thermal motion of the molecules, tend to produce random dis-

tribution and overcome the restraints imposed by dipole inter-

action. These authors suggest that the change of direction repre-

sents the overbalancing of the former effect by the latter. The
values of the refractive indices of the saturated acids as reported

by Dorinson, McCorkle, and Ralston are shown in Table XXXIX.
The densities of the liquid state are essentially a linear function

of temperature. The values for the liquid saturated adds, <4, as

reported by several investigators are shown in Table

XL. An examination of the values recorded in this table shows

that the densities of the liquid acids at any given temperature

decrease with increase in molecular weight.
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Gamer and Ryder determined the absolute densities together

with the temperature coefficients of caprylic, pelargonic, capric,

undecanoic, and lauric acids. These authors have also determined

the specific volumes of the solid and liquid adds at their melting

TABLE XXXIX
Refractive Indices (ni)) of Saturated Fatty AaDS

20.0* 26.0* 80.0* 40 0* 45.0* 50.0* 55 0* 60.0* 65 0* 70 0* 80.0*

1.4170 1 4150 1 4132 1 4005 1 4054 1.4012 1 3972 1 3031

1 4230 1 4200 1 4102 1 4155 1 4114 1 4073 1 4037 1 3993

1 4280 1 4260 1 4243 1 4205 1 4167 1 4125 1 4089 1 4049

1 4322 1 4301 1 4287 1 4250 1 4210 1 4171 1 4132 1 4092

1 4288 1 4248 1 4210 1 4169 1.4130

1 4319 1 4279 1 4240 1.4202 1 4164

1 4323 1 4304 1 4288 1 4267 1 4250 1 4230 1 4191

1 4328 1 4310 1 4200 1 4272 1.4252 1 4215

1 4329 1 4310 1 4291 1 4273 1.4236

1 4348 1 4329 1 4310 1 4292 1 4254

1 4328 1 4309 1.4272

1 4340 1 4324 1 4287

1 4337 1 4299

Add

Caproie

Knanthift

Caprylic

Pelargmuc

Capric

UndeoanoM

Launc

Tndecanoic

Myristic

Pentadecaaoic

Palmitic

Heptadeoanoic

Stearic

points, the values for the solid acids being as follow^s: Cg, 0.9737;

Cq, 1.0104; Cio, 0.9870; Cn, 1.0121; and C12 , 0.9971; and for the

liquid acids: 1.0925, 1.0966, 1.1169, 1.1206, and 1.1403, respec-

tively. The changes in molecular volume, A cc. per gram mole, at

the melting points were calculated to be: Cg, 17.51; C9 , 13.95;

TABLE XL

Densities ((£4) of Liquid Saturated Acids

Acid 15* 20* 25“

Valeric 0 9387

Caproie

RnnntliM 0 92099 0 9172

0 9234

Caprylic 0 90884

P^largoBoc 0 90932 0 90552 0 9022

Capnc

Undecanoic

Launc

Tndeeanoie

Myristic

Palmitic

Heptadecanoic

stearic

30* 40* 50* 70* 80* 90*

0 9205 0 9104 0 8924

9276 0.9108 0 8761 0.873

90863 0.9011 0 8909 0 876 0 8670

90087 0 8615

89782 0 8901 0.883 0.8570

0.8531

0 8505

0 8690 0 8544 0.8477 0.8386

0 8458 ,

0 8528 0 8439 0 8394

0 8423

0 8487 0.8414 0.8347

0 8396

0 849 0.8390 0.835

Cio, 23.24; Cn, 20.68; and C12,
29.07. The mean temperature

coefficient for the solid adds is 0.00077 per 1°, and for the liquid

adds 0.00103 per 1°. Dorinson, McCorkle, and Ralston have

reported the experimental and calculated values for the molecular
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volumes at 20*^ of the acids from formic to pelargonic and at 80^

of the adds from acetic to stearic. Values for the former series

were calculated by use of the equation Vm = 16.89n + 23.62 and

for the latter by the equation = 17.26w + 28.88.

The molecular refractivities at 80^ of the liquid saturated adds

from caproic to stearic inclusive can be calculated from the equa-

tion Rm = 4.654n + 3.83. A comparison of the molecular refrac-

tivities obtained by the use of the Lorentz-Lorenz equation and

those calculated from the above equation is shown in Table XLI.

TABLE XLI

Molecular Refractivities of Saturated Fatty Acids at 80®

Acid (L-L) Rm (calcd.)

Caproic 31.70 31.75

Enanthic 36.34 36 40

Caprylic 41.08 41.06

Pelargonic 45 66 45 71

Capnc 50 36 50.37

Undecanoic 55.02 55 02

Launc 59.73 59.68

Tridecanoic 64 35 64 33

Myristic 69.00 68 99

Pentadecanoic 73 65 73 64

Palmitic 78.30 78 30

Heptadecanoic 80 01 82.95

Steanc 87.59 87.61

The refractive indices of the unsaturated acids increase with the

degree of unsaturation. The refractive indices, n^, of oleic, linoleic,

and linolenic acids have been reported to be as follows

oleic add, 1.4585; linoleic acid, 1.4699; and linolenic add, 1.4800.

Conjugation is accompanied by a marked increase in the refractive

index, o-eleostearic acid showing 1.5112 at 50°, and j^eleostearic

acid, 1.5022 at 75°.^®^ The molecular refractivities show a decided

exaltation over the calculated values, the exaltation being ascribed

to the presence of conjugated unsaturation. ^®^^®® 0\ving to the

extreme difficulty of obtaining unsaturated acids in a state of

purity comparable to that of the saturated acids, the values

recorded for the former are probably subject to some revision.

Surface Tension and Parachor Values

The surface tensions of the liquid acids are related to their densi-

ties and molecular weights by the equation P = My^/iP — d),
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where M is the molecular weight, y is the surface tension, and D
and d are the densities in the liquid and vapor states, respectively,

at the same temperature. The value P is known as the parachor

and relates the surface tension to the molecular volume. The
above equation may be considered as defining the molecular volume
of a substance of unit surface tension, and permits a comparison

of molecular volumes at points where the surface tensions are

identical. Since the parachor does not vary with temperature,

its use is very satisfactory for comparing molecular volumes. The
parachor values for lauric, palmitic, and stearic acids have been

calculated to be 522.5, 668, and 735 respectively. Semeria and
Ribotti-Lissone have reported the following values for the

surface tensions and parachors of acids at 90° and 95°: oleic acid,

27.94, 27.52, 765.07, 766.93; elaidic acid, 26.56, 26.31, 760.44,

764.93; stearic acid, 26.99, 26.42, 777.79, 778.87 ;
erucic acid, 28.56,

27.77, 932.40, 938.91; brassidic acid, 27.40, 27.28, 929.20, 934.36;

and behenic acid, 37.77, 37.61, 950.07, 951.36. The reader is

referred to a complete treatment of this subject by Sugden for

information concerning the theoretical aspects and use of the

parachor.

Specific Conductances

The specific conductances of capric, myristic, palmitic, stearic,

and oleic acids have been determined between 100° and 200° by
Lederer and Hartleb,^®* who have extrapolated these values to the

melting and boiling point temperatures. The values for the specific

conductances of the acids at these two points did not vary from

member to member and w’ere stated to be 0.1 X 10”^^ mhos at

the melting points and 2 X 10”® mhos at the boiling points.

Specific Heats

The specific heats of the liquid acids or their derivatives are

materially lower than those of the solid acids and are distinguished

from the latter in that the values do not alternate from even to

odd member. In addition, it is noteworthy that the rather wide

deviation among the specific heats in the different solid series is

not encountered in the liquid series. Gamer and RandalP re-

ported the specific heats in the liquid state for the saturated acids

from acetic to lauric add inclusive, and more recently King and

Gamer " compiled the specific heats, Cp, of several series of long-

chain compounds. The values reported by these latter authors
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for s temperature range thirty d^rees above the melting points

ate as fdlows: adds, 0.53-0.54 cal./g.; ethyl estors, 0.50-0.52

cal./g.; methyl esters, 0.52 cal./g.; and hydrocarbons, 0.57 cal./g.

The spedfic heats the liquid adds vary considerably with tem-

perature, Lederer^ having reported the spedfic heats of lauiic

add to vary between 0.513 and 0.674 cal./g. between 50° and 200°

;

of stearic add, 0.560 and 0.660 between 125° and 200°; and of

ddc add, 0.489 and 0.638 between 50° and 150°. Huggins has

developed equations for the entropy of long-dhain compounds in

the gaseous state.

Viscosity

In contrast to compounds which possess ring or compact struc-

tures, long-chain molecules are characterized by low mobilities in

the liquid state.^ Dunstan determined the viscosities of the

liquid fatty adds from propionic to stearic add indudve at a

number of temperatures, and a plot of X 10‘ against temperature

shows that the values for each acid fall on a smooth curve, the

viscosity decreasing rapidly with an increase in temperatiu%. The
value v X 10° increases appreciably with increase in the chmn
length of the acid. Although the values for the first two members
of the saturated series, formic and acetic acids, are abnormally

high, the logarithms of the viscosities when plotted against molecu-

lar wdght show a linear relationship at each temperature for the

adds between propionic and pelargonic adds inclusive. The higher

adds show a constant decrease in the homologous increment. Some
of the representative values reported by Dunstan for the vis-

codties of the adds are as follows: (poises X 10°) propionic, 956

at 30°; butyric, 1301 at 30°; valeric, 230 at 20°; caproic, 2840 at

25°; enanthic, 3800 at 25°; pelargonic, 7000 at 25°; lauric, 7300 at

50°; myristic, 7430 at 60°; palmitic, 7835 at 70°; and stearic,

9870 at 70°. Deffet has reported the following values: enanthic,

4766 at 15°, 3300 at 30°; caprylic, 5828 at 20°, 4690 at 30°; pelar-

gonic, 9661 at 15°, 6110 at 30°. Lederer has proposed the equa-

tion log i» = (g°/4.67ir) - 2.75 logT + ET + C for the calcula-

tion of the viscodty, where 17 is the viscosity in poises, 9° is the

heat at association at 0° in calories per mole, and E and C are

constants. The following values for q°, E, and C were reported:

butyric add, 1960, 0.001770, 2.9952; valeric add, 2330, 0.001663,

2.9050; caprdc add, 2740, 0.001401, 2.8200; enanthic add, 3210,

0.001470, 2.5791; caprylic acid, 3475, 0.001576, 2.4883; pdargonic
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add, 3655, 0.001696, 2.4160; capric add, 3700, 0.001992, 2.3865;

myristic add, 5030, 0.001670, 2.0221; and stearic add, 5490,

0.001907, 1.7920. The viscosity of dilute solutions of long-chain

compounds has been the subject of several theoretical papers.^

Theis and Bull have made a viscosimetric study of stearic acid

in carbon tetrachloride solution, reporting a length:diameter ratio

of 6 for this add. Later, Hollihan and Briggs^ confirmed this

value at high rates of flow. The values obtained at a low rate of

flow show a distinctly higher length: diameter ratio. A calculated

partial specific volume of 1.41 for stearic acid in carbon tetrachlo-

ride solution is about 30% higher than the specific volume in the

solid state. It was concluded that the particles of stearic acid are

spherical in carbon tetrachloride over the range of flow rates inves-

tigated.

Absorption Spectra

Owing to the presence of the double bond in the carbonyl group,

the saturated fatty acids show a typical absorption spectrum. The
ethylenic acids, on the other hand, exhibit not only an absorption

due to the carbonyl group, but also show characteristic absorption

values dependent upon the number and relative positions of the

double bonds.

Since the ultraviolet absorption properties of the saturated fatty

acids are essentially dependent upon the presence of the chromo-

phoric carbonyl group, it is evident that the absorption character-

istics of the saturated acids should be qualitatively similar.

Ramart-Lucas and associates^ have investigated the ultraviolet

absorption properties of formic, acetic, butyric, caproic, caprylic,

lauric, myristic, palmitic, and stearic acids between wavelengths

of 2000 and 2555 A and have stated that the absorption coefficients

of the higher members are essentially similar. They concluded,

therefore, that since the length of the chain does not materially

affect the absorption coefficient, methyl and methylene groups

cannot be considered as chromophores in this region of the spec-

trum. Bielecki and Henri had previously studied a number of

saturated acids in the range X — 2144 to 2600 A, and had con-

tended that an increase in the length of the hydrocarbon chain

was attended by a shift in the absorption band toward the red,

and also by an increase in the magnitude of the total absorption;

however. Ley and Arends ^ stat^ that this generalization does

not apply to the higher saturated acids. Burr and Miller have
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compared the values of X for acetic and palmitic acids for various

values of the molecular extinction coefficient c. The relationship

between log €, Xacetic acid^ and Xpi^iiuxtic acid tabulated by these

authors is shown in Table XLII.

TABLE XLII

Comparison of Molecular Extinction Coefficients and Wavelengths
OF Acetic and Palmitic Acids in Ethanol

Log e ^Afletic Add ^Palmitic Add

0 35 2411 2428

0.60 2390 2400

0.90 2350 2360

1.10 2315 2325

1.30 2269 2295

Studies of the absorption coefficients of the saturated acids have

led to the postulate that the acids exist in a dissociated and a non-

dissociated form in the liquid state.^^^*^^^ Ester formation does not

materially affect the character of the absorption curve, since it

has been shown that the values for the various esters differ only

slightly from those of the parent acids.“® The absorption is

radically changed by salt formation.^

Unsaturation in the hydrocarbon chain produces a change in

both the intensity and the position of the absorption bands, the

absoiption being due not only to the carbonyl group but also to

the ethylenic bonds. Conjugation is attended by a marked shift

in the absorption bands. This phenomenon has recently been

extensively studied and has been proposed for use in distinguishing

conjugated from imconjugated acids or their esters.^^®*®^^*^® Van
der Hulst has made a study of the absorption spectra of unsatu-

rated adds and has reported characteristic maxima depending

upon the number and relative positions of the ethylenic bonds.

Conjugation shifts the absorption band toward the red, Dingwall

and Thomson having reported the presence of a maximum at

2700 A for a-eleostearic acid. An isolated double bond between

carbon atoms produces an absorption maximum at 1800 A.

Mitchell and Kraybill have stated from theoretical considera-

tions that absorption bands in the spectral region of wavelength

longer than 2200 A are not characteristic of non-conjugated lino-

leic or linolenic acid. Burr and Miller have recently extended

the absorption studies of the unsaturated acids to 2100 A and
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have noted that the unsaturated adds superimpose on the satu-

rated absorption curves a band due to the ethylenic group. The
new band for oleic acid occurs at a longer wavelength than that

observed for 3-heptene, and a comparison of the absorption spectra

of oleic, linoleic, and linolenic acids shows that the addition of

ethylenic bonds produces a further shift of this characteristic band

toward the longer wavelengths.

Determinations of the Raman and infrared spectra are fre-

quently useful in establishing the structures of isomeric imsatu-

rated compounds.^^®*^^®*^ Characteristic Raman frequencies are

observed for ethylenic compounds at approximately 1.650 cm.“^

and 3.010 cm.“^ frequency units, the former value being somewhat

lower for the ds than for the trans form and the latter more intense

for the da form. Cis acids show a strong infrared absorption corre-

sponding to a wavelength of about 6.0 in the neighborhood of

the characteristic ethylenic bond frequency of 1.670 cm.“^, but

this absorption is absent in the trans form. The characteristic

Raman frequencies and infrared transmissions of the ethyl esters

of oleic, linoleic, and linolenic acids and their trans isomers have
recently been determined,®®^ and a correlation has been developed

between these data and the ester structures. The Raman spectra

of several of the saturated acids and their derivatives have been

reported by Kohlrausch and associates.®®®*®®®

MONOMOLECULAR AND POLYMOLECULAR FILMS OF
LONG-CHAIN COMPOUNDS

It is well known that although pure high molecular weight par-

affins do not spread upon a water surface, high molecular weight

compounds which contain polar groups spread with great rapidity.

The pioneer work of Langmuir,®^ Harkins,®®^ and Adam®®® has

shown that in such films the molecules are oriented with their

polar groups attached to the surface of the water. A study of

the force-area relationships and other physical properties of these

films not only has contributed materially to our general knowledge

of surface chemistry but also has developed information of great

value relative to the physical structure of long-chain molecules.

Such films c^ be considered as two dimensional and show positive

film pressures, the resistance to compression becoming greater with

reduction in the molecular area. According to Schofield and

Rideal,®®® the pressure exerted by such films is essentially kinetic;
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however, this is not necessarily true if the film is closely packed,

since under such conditions pressure may be a manifestation of

molecular repulsion. Our discussion of this subject must neces-

sarily be confined to generalizations concerning the surface proper-

ties of high molecular weight aliphatic compoimds. The experi-

mental methods and the theoretical developments pertaining to

them are a complete study in themselves, and the reader is re-

ferred to books 227,228, 2a» which the subject is treated in detail.

In his discussion of surface films, Harkins ^ called attention to

two types of films; namely, duplex or pol3rmolecular films, which

are generally unstable, and monomolecular films. The mono-

molecular films are capable of existing in three phases which

correspond to those encountered in three-dimensional systems;

that is, gaseous, liquid, and solid. Such a designation relates in

general to the fact that the properties of a film conform to those

customarily associated with a particular state, and not to the fact

that the individual molecules are actually gaseous, liquid, or solid.

Thus, a gaseous film conforms to the law irtr = kT, in which tt is

the film pressure, the molecular area, and k the Boltzmann con-

stant. Gaseous films are encountered only at very large molecular

areas. In the case of gaseous films of pentadecanoic acid, it has

been foimd that the molecular area may be as large as 50,000 sq. A.

The transition of a gaseous monolayer to a liquid monolayer is

accompanied by a heat of phase transition, the properties of the

film in the latter state corresponding closely to those of a three-

dimensional liquid. During the course of the many investigations

upon monomolecular films, it has been noted that phases exist

whose properties are intermediate between those of a gas and a

liquid or a liquid and a solid, so that it was found necessary to

enlarge somewhat upon this rigid classification. Unfortunately, a
uniform classification for these various phases has not been em-
ployed. Adam designated the various phases as gaseous or vapor

films, vapor expanded films, liquid expanded films, and condensed

films. Harkins^ has employed the following classification: (I)

gaseous; (II) liquid, Li, corresponding to the ‘‘liquid expanded’’

of Adam and representing a liquid of high compressibility

(—jc*=2to7X 10“"^)
;
(III) intermediate or transition films whose

properties resemble those of a liquid of extremely high compressi-

bility (— ic = 2 to 5 X 10“^); (IV) liquid, L2 ,
corresponding to the

“liquid condensed” of Adam (—k == 5 to 10 X 10“®); and (V)

solid of extremely low compressibility (—

k

= 7 to 9 X 10“^).
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The filmfl formed by any insoluble substance as portrayed by
its pressure-area relationship are functions of the structure of the

substance itself, the temperature, the subphase, and to a more
limited extent, the rate of compression of the film. The type of

film obtained is determined not only by the nature of the polar

groups but also by the length of the hydrocarbon chain. High

temperatures favor the formation of expanded films, the change

from a condensed to an expanded film taking place at a definite

temperature which is a characteristic of any particular substance.

Increase in the length of the hydrocarbon chain within a homolo-

gous series raises the temperature of transition although it does

not change the nature of the transition. Unsaturation within the

hydrocarbon chain materially lowers the transition temperature.

Stable films of long-chain compounds are encountered where a

strongly hydrophilic group is attached to a chain of sufficient length

to render the molecule insoluble. Adam proposed the following

classifications: (1) non-film-forming substances possessing very

weak attraction: hydrocarbons, —CH2I, —CH2Br, —CH2CI; (2)

unstable films (in order of increasing attraction for water):

—CH2OCH3, ~€6H40CH3, —CO2CH3; (3) stable films (sub-

stances possessing limited solubilities if the chain contains at least

sixteen carbon atoms): —CH2OH, —CO2H, —CN, —CONH2,
—CH:NOH, —C6H4OH, —CH2COCH3. Owing to the strong

solubilizing action of highly hydrophilic groups such as —SO3H
or—OSO3H, only very high molecular weight substances contain-

ing these groups form stable films. Unstable films are character-

ized by their inability to withstand compression, such films col-

lapsing under moderate pressures. In solid films the molecules are

very closely packed and there is a strong lateral attraction between

the long chains, so that they assume a vertical or nearly vertical

position. Influences which tend to increase the molecular area,

such as an increase in temperature or a release of pressure, reduce

this attraction, so that either liquid or vapor films are formed, de-

pending upon whether there is a strong or a weak lateral attrac-

tion between the terminal groups. In such expanded films the

alkyl chains are probably no longer normal to the surface, and in

many instances are probably lying flat.

It is a well-known fact that water in contact with air possesses

a definite and measurable surface potential. The work of Guyot
and others®**' 2“* ***‘»*** has shown that this surface potential is

materially changed by the presence of a film upon the aqueous
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subphase, and their observations have afforded a very powerful

tool for the study of such films. The surface potential of a film is

defined as the difference in the potential of a film-covered surface

and that of a clean liquid surface. This potential may be either

positive or negative, the latter being encountered with films of

fatty acid salts and the former with films of the fatty acids

themselves or many other long-chain compounds, such as the alco-

hols, esters, and ketones. The surface potential is a function of

the number of molecules per unit area in the film, and it is, there-

fore, generally possible to tell whether a film is heterogeneous or

homogeneous by measurements of this property. Homogeneous
films show a uniform surface potential, while films which are partly

gaseous and partly liquid show a higher potential for the liquid

areas. Harkins and Fischer showed a wide fluctuation in surface

potential for myristic acid films at a molecular area of 56.4 sq. A,

the values increasing and becoming constant at higher compres-

sions. McBain and Foster determined the surface conductivi-

ties of closely packed films of stearic, palmitic, and oleic acids,

reporting 3.8, 4.0, and 8.4 X 10”^ mhos respectively.

The presence of dissolved substances in the subphase, particu-

larly acids and bases, exerts a profound influence upon the ad-

sorbed films.^'^^^ Acidic ions in the subphase weaken the lateral

attraction between the adsorbed molecules and thus lower the

temperature of expansion. Condensed films of fatty acids on pure

water show a very steep slope for the pressure-area curve, an extra-

polation of which cuts the abscissa at approximately 20.5 sq. A,

whereas films on dilute hydrochloric acid show a decidedly less

steep slope below 17 dynes per cm., the extrapolated curve cutting

the abscissa at about 25 sq. A. Divalent ions favor the formation

of closely packed films.^ Alkaline solutions materially lower the

lateral attraction between the molecules in fatty acid films, Adam
and Miller having shown much lower expansion temperatures

for fatty acid films at pH 12 than at pH 4. Ionization of the end

group, therefore, undoubtedly decreases the lateral attraction be-

tween the polar groups of the adsorbed film, as evidenced by the

lower expansion temperatures observed. Similarly, Adam^ ob-

served much lower expansion temperatures for amine films over

acid subphases than over alkaline. Since the nature of the packing

is affected by the presence of acids, bases, or salts in the subphase,

it is evident that their presence also influences the surface poten-

tials.
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The viscosities of monomolecular films comprise a subject which

has been rather extensively investigated,2*®»*^*^’^»^*'®^*“»25i

Fourt and Harkins, in a study of the monolayers of aliphatic

alcohols, made a detailed investigation of the methods of evaluat-

ing this property. The viscosity of a liquid film is proportional to

the closeness of packing of the molecules in the film. Boyd and
Harkins expressed the relationship between the logarithm of

the surface viscosity (17) of a liquid film and the film pressure (t)

by the equation log ri = log 170 + and stated that the viscosity

of a liquid film increases with the number of carbon atoms in the

hydrocarbon chains. Such films show Newtonian viscosities, as

evidenced by the fact that the viscosities are independent of the

rate of shear. At the transition point the viscosity increases

rapidly, pentadecanoic acid showing an increase from 0.005 to

0.107 surface poises between film pressures of 19.8 and 21.4 dynes

per cm., the film being liquid below these pressures and plastic

above them. Condensed films generally exhibit a non-Newtonian

viscosity which decreases with the length of the hydrocarbon chain

and varies with the rate of shear. Since the molecular areas occu-

pied by the alcohols are less than those of the acids, the films are

less dense and thus exhibit lower viscosities. The viscosities of

films of several alcohols and acids as determined by Boyd and
Harkins are shown in Table XLIII. These authors have ob-

TABLE XLIII

Surface Viscosities of Acids and Alcohols

(it * 4 dynes per cm.)

Viscosity in Surface Poises

No. of C
Atoms Acid Alcohol

14 0 0005

15 .... . .0031

16 0.0002 .0066

17 .0003 .0100

18 .0014 .0230

19 .0040

20 .0115

served that the viscosity of films of arachidic acid decreases with

increase in the temperature.

Since many of the original concepts and many of the data upon
surface chemistry have been derived from a study of films of fatty
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adds, it is not surprising that the literature oontains a pumber of

references to monolayers of these adds. The work of Adam and

Jessop^^ and the more recent investigations of Nutting and

Harkins are outstanding in that these authors have made a

comprdiaisive study of films of a number of members of the fatty

Fig 22. Pressure-area relations of films of fatty acids.

acid series under various conditions of temperature and pressure.

Pressure-area diagrams were obtained by the former authors for

monolayers of the fatty acids from lauric to palmitic, and Nutting

and Harkins have studied monolayers of the acids containing

from fourteen to twenty carbon atoms. The pressure-area rela-

tionship of films of myiistic, pentadecanoic, palmitic, and ara-

chidic acids at pH 2 and 25.0^, as reported by Nutting and
Harkins, are shown in Fig. 22. An examination of the curves of

myristic and pentadecanoic acids shows that they form an ex-

panded type of film at this temperature, and that they exhibit

sharp breaks at the kink point. These authors have pointed out
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the great and rapidly changing compressibility of the films of

these two adds above and below the kink point, and also the

similarity of the two curves below the kink point of the penta-

decanoic acid film. It will be noted that both palmitic and arsr

chidic adds form much more condensed films than the two lower

acids at this temperature, althou^ the films are still rather highly

compressible. Harkins has stated that the molecular area

occupied by the long-chain acids in the liquid condensed state

decreases by about 0.3 sq. A for every additional carbon atom.

TABLE XLIV

Limiting Areas, Slope of Pressure-Area Curves, and Compressibilities

OF Fatty Acid Monolayers

Acid

Limiting

Area,

sq. A per

Molecule

Slope,

sq. A
per

Dyne
Compressibility

IT — 0 IT =* 20

Myristic 46.4 .

.

.

.

.

.

Pentadecanoic 45.6 .

Palmitic 26.75 ,

Heptadecanoic 24 59 -0.180 -0 0073 -0.0086

Stearic 24.41 -0.177 -0.0072 -0.0085

Nonadecanoic 24.0 -0.163 -0 0065 -0.0075

Arachidic 23.64 -0.159 -0.0067 -0.0078

The limiting areas and compressibilities of liquid condensed mono-

layers on O.OliY H2SO4 at 25° as determined by Nutting and

Harkins are shown in Table XLIV.
The limiting areas are obtained by extrapolation of the pressure-

area curves to zero pressure. At 25° the films of myristic and

pentadecanoic acids are expanded, which accounts for their larger

molecular areas. The pressure-area and pressure-temperature rela-

tionships of expanded monolayers of myristic and pentadecanoic

acids have been investigated by Nutting and Harkins,*®® and the

value of the slope (df/dT)a for these monolayers was reported to

be 0.8 to 1.2 for the intermediate, and 0.15 to 0.2 for the expanded

films. The pressure-area curves of monolayers of pentadecanoic

acid at various temperatures as reported by Harkins *“ are sho\\Ti

in Fig. 23. The effect of temperature upon the displacement of the

kink point is clearly shown.

A large number of investigations have been made upon films

formed by the high molecular weight esters, alcohols, nitriles, and
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other long-chain compounds, and the results obtained have led to

many interesting correlations between the surface properties and
structures of such compounds. It has already been pointed out

that the attraction of the end group for water exerts a profound

influence upon the film-forming properties. The lateral attraction

Fio. 23. Pressure-area relations of films of pentadecanoic acid.

between the end groups often determines the type of transition

encountered in going from a condensed to an expanded type of

film. It has been observed that the condensed films of many of

the long-chain compounds approach a limiting area of 20.5 sq. A
at zero compression, but that other series, such as the esters,

alcohols, and nitriles, show substantially larger molecular areas.

Since in the condensed films it is assumed that the hydrocarbon

chains are closely packed, it is evident that if the area occupied

by the end group is smaller than that of the chain, the character-

istics of the condensed film are essentially determined by the close-

ness of packing of the chains themselves. If, however, the reverse

is true, as in the esters, nitriles, and alcohols, the molecular areas
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at high compression will be largely determined by the size and con-

figuration of the polar group. The investigations of Adam
and of Harkins and Boyd upon esters of the fatty acids show'ed

that the lateral attraction of the ester group is much less than

that observed for the acids, condensed films going directly to

gaseous monolayers. The area at zero compression, 22 sq. A, is

greater than that recorded for the acids on pure water, but less

than that observed for the acids on acid subphases. Nutting and

Harkins have found the limiting molecular areas at zero pressure

of the alcohols containing from fourteen to eighteen carbon

atoms to be 21.9 sq. A and to be essentially independent of the

chain length. The transition pressure from a liquid to a con-

densed type of film increases with the chain length. Films of

2-nonadecanone have been investigated by Adam and associ-

ates,^®®*^®® and Hoffman, Ralston, and Ziegler ^ have reported that

films of stearone are much more compressible than those of 2-

nonadecanone, an observation which they attributed to the un-

^mmetrical nature of the latter ketone. Films of phenoxyphenyl

heptadecyl ketone. ^ ^COCi 7H35 ,
were found to

occupy larger molecular areas than films of diphenyl heptadecyl

ketone, ^ ^COCirHss, at low pressures, owing to

the hydrophilic properties of the ether oxygen. At higher pres-

sures, however, the pressure-area curves are identical. The ace-

tates of long-chain amines have been stated®®® to approach a

gaseous type of film at high dilutions. A recent investigation ®®®

has shown that films of long-chain aJkylammonium acetates below

docosylammonium acetate are too soluble to obtain satisfactory

pressure readings; however, octadecylammonium chloride has been

shown ®®® to give insoluble monolayers. Films of doco^lammo-
nium acetate ®®® were observed to be vapor expanded at large molec-

ular areas, the films becoming condensed with increased pressure.

The extrapolated molecular area at zero pressure at 14.8° is 27.9

sq. A; at 19.9°, 29.4 sq. A; and at 24.9°, 30.4 sq. A. Investigations

of films of high molecular weight nitriles ®®®*®®^*®®® show a value of

27.7 sq. A for the limiting area of the condensed films, indicating

that the nitrile group, —C-N, occupies a comparatively large

area, a fact which is attributed to the presence of the triple bond.

Both mono- and polymolecular films of the fatty acids or other

high molecular weight aliphatic compounds upon solid surfaces have

been investigated and described. ®^»®®®*®®®*®*^*®®**®®®*®’® Blodgett®^
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disclosed a method whereby successive monolayers may be de-

posited upon a ^ass or metallic surface, the method being generally

referred to as the Langmuir-Blodgett method. Films previously

formed upon a water surface are transferred to a solid surface, the

films being composed either of alternating layers (Y-films) or of

non-alternating layers (X-films). The orientation of the layers

deposited upon a solid surface is determined by the direction in

which the surface is passed through the monolayer, the pH of the

subphase, and the temperature. Films of the fatty acid salts of

calcium, barium, lead, zinc, and other metals have been studied.

The structures of these films as shown by their x-ray, optical, and

electrical properties have been the subject of numerous investi-

gations.^* 278, 274, 278. 278, 277. 278
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VI

REACTIONS OF FATTY ACIDS NOT
INVOLVING THE CARBOXYL GROUP

The term ‘‘fatty acid derivative’’ is quite broad and can be

assumed to include any chemical which is preparable from a fatty

acid and which includes a fatty acid radical as an integral part of

its structure. Fatty acid derivatives can be logically divided into

two general groups. One of these comprises those prepared by
modifying, chemically or otherwise, the hydrocarbon chain, and
the other group those which result from a reaction of the carboxyl

group. Examples of the former are the numerous products which

result from oxidative reactions, halogenations, hydrohalogenations,

and other reactions concerned primarily with the hydrocarbon

portion of the fatty acid molecule. Compounds such as nitriles,

amines, amides, ketones, esters, acid chlorides, and alcohols char-

acterize the latter type of derivatives.

This chapter is concerned with those derivatives of the fatty

acids which result from a reaction of the hydrocarbon chain. In

the subsequent chapters, the various derivatives the preparation

of which involves a change of the carboxyl group are discussed in

detail. In the present instance it is convenient to consider the

derivatives under the specific type of reaction by which they are

obtained, rather than to attempt to distinguish them by chemical

or structural characteristics. The most important reactions of

the fatty acids in which the hydrocarbon chain is a primary react-

ant are thus discussed under the headings of oxidations, halo-

genations, hydrogenations, and other type reactions.

OXIDATIVE REACTIONS

As would be expected, the saturated fatty acids are quite resist-

ant to chemical oxidation. The action of strong oxidizing agents

on the saturated acids is a subject which has not been extensively

411
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investigated. Sufficient work has been done, however, to indicate

that a rather wide variety of products result from such oxidations,

the nature and composition of which are apparently quite de-

pendent upon the oxidizing agents and the reaction conditions

employed. In many instances the initial oxidation products are

so transitory that their formation is only a matter of speculation.

The major oxidative reaction of the saturated acids is imdoubtedly

an oxidative degradation, the oxidation taking place initially at the

alpha carbon atom. This is evidenced by the large amounts of

shorter-chain acids which have been obser\’^ed among the oxidation

products.

The saturated acids are not oxidized by air at ordinar>^ tem-

peratures; however, they are attacked by oxygen at elevated

temperatures, especially in the presence of catalysts. In some of

the earlier work upon the oxidation of hydrocarbons to fatty acids,

Kharichkov and others 1*2. a. 4,

5

.

6

showed that the products are quite

heterogeneous. Solway and Williams ^ assumed that this is occsr

sioned by the fact that the acids first formed are further oxidized.

These authors showed that the oxidation of stearic acid in the

presence of manganese stearate leads to the formation of a com-

plex mixture which consists of shorter-chain carboxylic acids, di-

carboxylic acids, lactones, lactonic acids, and carbon dioxide. This

indicates that the stearic acid molecule is attacked at several

points and that hydroxy acids appear among the primary oxida-

tion products. The presence of substantial amounts of hydroxy

acids in the products of oxidation of stearic acid was later confirmed

by Zemer.® The saturated acids are apparently resistant to the

action of hydrogen peroxide in the absence of catalysts. The
original studies of Dakin ® upon the oxidation of the ammonium
salts of shorter-chain saturated acids by hydrogen peroxide showed
that substantial amounts of ketones appear in the oxidation prod-

ucts. Smedley-Maclean and Pearce “ reported the presence of

hydroxy acids in the products of the oxidation of palmitic acid by
hydrogen peroxide in the presence of cupric salts. More recently,

Allen and Witzemann studied the oxidation of acetic, butyric,

valeric, caproic, caprylic, and capric acids by hydrogen peroxide

in the presence of various catalysts. The major product consists

of carbon dioxide (50-80%). Acetic acid appears to be a resistant

intermediate product and acetone is present in those cases where

acids hi^er than acetic are oxidized. Ammonia, glycine, ammo-
nium salts,^® alkali phosphates, and glucose have been reported

to catalyze such oxidations.
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The saturated acids are .vigorously oxidized by concentrated

nitric acid, the main product being a mixture of dicarboxylic adds
together with carbon dioxide. Noerdlinger obtained succinic,

adipic, and glutaric acids mixed with smaller amounts of pimelic,

suberic, and oxalic acids by the oxidation of myristic acid with

concentrated nitric acid. Dietterle had previously reported the

presence of large amoimts of sebacic and suberic acids in the oxi-

dation products of stearic add; however, Carrette obtained only

succinic and glutaric acids. Since sebacic and higher dicarboxylic

adds are oxidized to lower adds by nitric acid,^^ it is evident that

lower dicarboxylic acids will predominate in the products formed

by prolonged oxidation with this reagent.

Potassium permanganate has been observed to oxidize acids such

as caproic and enanthic to lower-chain mono- and dicarboxylic

adds. Small amoimts of keto acids are also formed during this

process. The saturated monocarboxylic acids are considerably

degraded by the oxidative action of potassium permanganate in

acetone. A phenyl-substituted fatty acid is oxidized by alkaline

permanganate solutions preferably at the carbon atom next to the

phenyl group, forming first a hydroxy add, which is then further

oxidized.^'*^ Although the saturated dicarboxylic acids are resist-

ant to oxidation by alkaline permanganate,^ the hydroxy-substi-

tuted dicarboxylic acids are readily attacked. Ellis has shown
that a,a'-dihydroxyazelaic acid is degraded to adipic acid rather

than pimelic acid, indicating that those dicarboxylic acids which

contain an even number of carbon atoms are more resistant to

oxidation than those containing an odd number. Thus, the major

oxidation product of a-hydroxyazelaic acid is suberic acid. Potas-

sium permanganate in acetone easily oxidizes 2-hydroxy mono-
carboxylic acids to their next lower homologs, 2-hydroxystearic

acid yielding margaiic acid and 2-hydroxypalmitiG acid, penta-

decanoic add.^^ Monocarboxylic adds are oxidized upon heating

with potassium persulfate or potassium percarbonate.*®

Biological oxidative degradations apparently involve the jS-

carbon atom,^^? Jowett and Quastel have explained the

apparent absence of intermediate products by postulating a simul-

taneous oxidation of alternate carbon atoms. Yerkade and others ^

have stated that biological oxidations frequently occur at the

terminal methyl group and may occur simultaneously with /S-

oxidations. Biological oxidations are of interest with reference to

the so-called ketonic rancidity frequently encountered with satu-

rated fats. Such oxidations have been attributed to a peroxidase



414 NON-CARBOXYLIC REACTIONS

prosent in molds, the main products .of their action being appar-

ently methyl alkyl ketones.^ It has been stated that exposure

to idtraviolet light is in itself sufficient to cause ketonic rancidity

of lauric add,^ which indicates that the development of ketonic

rancidity is not purely a biological reaction.

The ethylenic adds are reactive toward a large number of oxi-

dizing agents, the action taking place preferentially at the unsatu-

rated linkages. Oxidation of the monoethylenic acids first yields

dihydroxy adds or allied products, and a continuation of the oxidar

tion generally results in a scission of the double bonds with the

formation of both mono- and dicarboxylic acids. Continued oxida-

tion of a di- or polyethylenic acid results in the cleavage of each

of the unsaturated bonds, the product being a mixture of mono-

and dicarboxylic adds. The oxidation of the ethylenic fatty acids

is a subject which has been extensively studied, not only with

regard to the resulting products but also with reference to the

various reaction mechanisms. The identification of the products

of oxidative cleavage is a recognized method for establishing the

position of the double bonds in unsaturated acids. The reliability

of such methods is, however, often open to question, since it is

well known that the products obtained by the oxidation of specific

acids are frequently dependent upon the oxidizing agent employed.

Although in many instances this may be ascribed to secondary

oxidative reactions, there is little question that it is frequently due

to a shift in the position of the unsaturated linkage prior to or

during the actual cleavage.

Since the most common oxidizing agent is air, the atmospheric

oxidation of unsaturated fatty acids and fats is a subject of extreme

interest. The importance of atmospheric oxidation, however,

does not lie in the fact that air is a satisfactory agent for the

preparation of oxidation products from the unsaturated fatty acids,

but rather in the fact that oxidative changes, particularly in the

edible fats, are extremely undesirable. The susceptibility of fatty

acids to oxidative reactions increases with their degree of unsatura-

ation, linolenic acid being more readily oxidized than linoleic, and
linoleic more readily than oleic.**- *^*®'*® The relative positions of

the double bonds influence the rate of oxidation, conjugated acids

being more readily oxidized than their unconjugated counter-
84.s7.88 '1^0 large amount of literature which has been built

up on the autoxidation of the unsaturated fats has been concerned

primarily with the reaction mechanism and with a study of the
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various negative catalysts which retard such oxidative changes.

The literature upon this subject is so voluminous that only brief

mention can be made in this writing of our present theories regard-

ing the reaction mechanism and the nature of the so-called anti-

oxidants. The reader is referred to a monograph by Lea •• for a

more detailed discussion of this subject.

The autoxidation of fats, oils, and fatty acids has long been

recognized to occur in two rather well-defined stages. The first

stage constitutes a so-called inductive period during which perox-

ides are formed, which probably act as both catalysts and reactants

in the later stage of the oxidation. The fact that these peroxides

can liberate iodine from hydrogen iodide has been made the basis

of several proposed tests for the determination of incipient ran-

cidity."*" Organoleptic rancidity is generally first detectable at

the end of this induction period. Because of the quite transitory

nature of the peroxides their actual structure has not been definitely

established. Oxidation inhibitors appear to function mainly in

greatly prolonging the inductive period, by retarding or preventing

the formation of the fatty acid peroxides. The later stage of autox-

idation is accompanied by oxidative changes leading to the forma-

tion of hydroxy acids, hydroxy-keto acids, unsaturated hydroxy

acids, lactones, and various condensation products, and finally by
cleavage to aldehydes, aldehydo acids, and mono- and dicarboxylic

acids. A possible mechanism of the oxidation of oleic acid to an

aldehyde and an aldehydo acid is as follows:

CH8(CH2)7CH:CH(CH2)7C02H CH3(CH2)7CH CH(CH2)7C02H ->

CH*(CHs)7CH(OH)CO(CH,)7CX)sH — CH,(CH,)7CH0 + OHC(CH,j7CO.H

Many of the tests for indicating rancidity, such as the Kreis

test" employing phloroglucinol in the presence of hydrochloric

acid, are specific for the presence of aldehydes. It has been claimed

that the color developed by this reagent is due to the presence of

an epihydrinaldehyde.**

The amount of oxygen absorbed increases perceptibly, and the

peroxides disappear during the period of active oxidation. A
number of reactions apparently proceed simultaneously, and the

autoxidation of ethylenic acids generally results in a heterogeneous

mixture of oxidized products and polymerized materials. Probably

no single reaction mechanism will suffice to explain the variety of



416 NON-CARBUXYLIU KJaALTriUJNS

products formed, and all investigators who have studied the prod-

ucts of autoxidation oi unsaturated fatty acids have attested to

the complexity of the reaction mixture. In 1936, Ellis ^ studied the

oxidation ot elaidic and oleic acids in the presence of cobalt soaps.

The latter acid was reported to 3rield carbon dioxide, oxidoelaidic

add, and oxidooleic acid, together with cleavage products consist>-

ing of equal amounts of azelaic and suberic acids and smaller

amounts of oxalic, caprylic, and pelargonic adds. Several years

ago, Olcott and others studied the autoxidation of h^hly purified

oleic add, methyl oleate, oleyl alcohol, and ds-9-octadecene and

reported that all the fundamental processes were similar. Oleyl

alcohol absorbed the most oxygen and oleic acid the least. All

these substances with the exception of oleyl alcohol showed an

increase in the number of hydroxyl groups upon oxidation, and all

except oldc add showed an increase in the number of carboxyl

groups. Aldehydes were present only in small amounts, indicating

that they were rapidly oxidized under the conditions employed.

These authors postulated that ethylene oxides are prominent oxi-

dation products and that the oxide compounds are not formed by
the action of peracids with the ethylenic linkage as was formerly

considered.^ Mattill has suggested the following series of reac-

tions to account for the water formed during the oxidation:

—CH2CH2CH—CH— + (0)

(!)—d)

—CH=CH—CH—CH— + H2O
02

—CH—CH—CH—CH ^ —CH—CH—CHO +—CHO^ ^ L-l>

Skellon obtained 9,l()-dihydroxystearic acids melting at 95° and

132°, azelaic acid, lO-hydroxystearic acid melting at 84°, and crude

hydroxy adds together with short-chain mono- and dicarboxylic

adds, when oldc acid was oxidized in the presence of blown whale

oil. Large amounts of polymerized products are obtained by the

oxidation of jS-eleosteaiic acid,^ and it has been stated that poly-

merization during the oxidation of linolenic add takes place only

through oxygen bonds.“ Bolam and Sim “ have studied the oxi-

dation of methyl linoleate in the presence of solvents and observed

that a peroxide group is initially formed at one double bond and a

keto group at the other. The rate of enolization of the keto group

and the activity of the peroxide group are influenced by the solvent

present. Le Gousse “ observed the formation of large quantities
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of lactones and lactides during the autoxidation of oleic acid, and
the tendency of monodlefinic acids to form hydroxy acids during

their autoxidation was noted by Fahrion.*’ Farmer and associ-

ates ^ more recently studied the mechanism of the autoxidation of

ethylenic compounds and stated that the primary reaction is the

formation of a hydroperoxide (—OOH) on the methylene group

alpha to the double bond, the unsaturation remaining unaffected.

The action of the hydroperoxide group with the double bond is a

secondary reaction, occurring spontaneously or under the influence

of heat. This latter action yields the scission products. It must
suffice to say that, in spite of the fact that the autoxidation of the

unsaturated fatty acids and their derivatives is a subject which

has interested scientists for years, many unsolved problems still

remain in this field.

The rate of oxidation of unsaturated fatty acids and fats is

materially influenced by the presence of catalysts, some materials

exerting a pro-oxidative effect while others materially reduce the

reaction rate. Materials of the latter type have been extensively

studied and are of great practical interest. Many substances, par-

ticularly metallic salts and soaps, exert a powerful pro-oxidative

effect, salts of cobalt, manganese, and iron being esi>ecially effec-

tive. Autoxidation is promoted by exposure to light, the amount
of peroxides formed increasing with decreasing wavelength, par-

ticularly below 5400 A Organic bases such as pyridine,®® aniline,

dimethylaniline, pyrrole, and piperidine also increase the rate

of autoxidation.

The important work of Moureu and Dufraisse showed that

phenolic substances materially inhibit the autoxidation of unsatu-

rated materials, and since this discovery thousands of compounds,

both natural and synthetic, have been investigated for their anti-

oxidative properties. Phenolic compounds such as p3rrogallol,

phloroglucinol, catechol, and naphthols are strong negative catar

lysts for oxidative reactions; in fact, most effective antioxidants so

far disclosed are characterized by the presence of a phenolic group.

However, salicylic and benzoic acids have been stated to exert a

pro-oxidative effect.®®*®® It is well known that crude vegetable oils

are quite resistant to oxidative changes and that this resistance

is either materially reduced or destroyed by refining processes.

The isolation and study of the naturally occurring inhibitols has

been a major contribution to our knowledge of this subject. In-

hibitols are apparently present in the unsaponifiable portion of
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all the vegetable oils. Their presence was first demonstrated in

wheat germ oil and has since been established in a number of

other vegetable oils. The tocopherols, particularly fi- and 7-tocoph-

erol/* are important naturally occurring inhibitols. These com-

pounds are dosely related structurally to vitamin E (o-tocoph-

erol),*^** ce-tocopherol being 6,7,8-trimethyltocol;®® jS-tocopherol,

5,8-dimethyl-; and 7-tocopherol, 7,8-dimethyltocol. The tocoph-

erols contain a phenolic group, an aromatic and a heterocyclic

ring, and a long alkyl chain, as shown by the accepted formula for

/3-tocopherol:

HsC Hs

a-Toooph»ol

Their separation and concentration has been the subject of several

studies,®^* as has their sjmergistic action with ascorbic acid

and other substances.®^*

Crude cottonseed oil owes its resistance to o;ddation to the

presence of gossypol,^®*^^ the structure of which has been determined

by Adams and coworkers to be as follows:

OHC OH OH CHO

Crude sesame oil has been stated to contain the inhibitol sesa-

mol.^® Various phospholipides such as lecithin,^^-^®*’^ as well as the

carotenoids ®® such as xanthophyll,®^ exhibit antioxidative proper-

ties. Naturally occurring antioxidants are not confined to the

vegetable oils, for Newton and Grettie ® have called attention to the

inhibiting action of gum guaiac, and nordihydroguaiaretic acid,

obtained from the creosote bush, has been shown ®® to be highly

effective as an antioxidant for lard.

The ethylenic acids react with ozone, adding one molecule of

ozone to each double bond to form the normal ozonide. This

ozonide is capable of imdergoing further oxidation with the forma-

tion of a perozonide and finally a super perozonide. The perozo-

nides are reduced to the normal ozonide by washing with dilute
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sodium carbooate solution. The ozonides are viscous yellow

liquids, soluble in most organic solvents and rapidly decomposed

in hot water with the formation of cleavage products. The action

of ozone on oleic add was first investigated by Molinari,^ who ob-

tained the normal ozonide by treating oleic add with ozonized

air. Shortly thereafter, Harries and others obtained the pero-

zonide by the action of ozone on a chloroform solution of oleic

add. This led to a series of controversial papers between Moli-

nari “ and Harries ^ relative to the formation, structure, and

decompodtion products of the various ozonides, many of which

papers are of historical interest only. Harries maintained that the

decomposition of both the normal ozonide and the perozonides

produces aldehydes and aldehyde peroxides. The aldehyde perox-

ides are converted into aldehydes by the loss of oxygen. The
structure of the perozonide of oleic acid and the reaction for its

decomposition were assumed to be as follows:

2H2O
CH8(CH2)7CH CH(CH2)7COsH >

(!)—0—d)

CH3(CH2)7CH0 + CH0(CH2)7C()2H + 2H*02

The subsequent formation of acids was attributed to the oxidation

of the aldehydes by the liberated hydrogen peroxide. Molinari, on

the other hand, believed acids to be the principal cleavage products,

oleic acid yielding hydroxystearic acid and an aldolazelaic add,

together with substantial amounts of azelaic and pelargonic adds.

The aldolazelaic acid was assumed to result from an aldol condensa-

tion. When the ozonides were decomposed in the presence of

potassium bisulfate sdutions, acids were obtained with conditions

under which the aldehydes had previously been shown to be re-

sistant to oxidation. It is now known that the decomposition of

oleic acid ozonides yields both nonanal and pelargonic acid, to-

gether with azelaic acid and its semialdehyde. If, however, the

decomposition is effected in strongly alkaline solutions, according

to the conditions employed by Molinari, the resulting aldehydes

are further oxidized by the alkaline peroxides formed. The cleav-

age of ethylenic acid ozonides is frequently employed as a method
for the determination of the position of double bonds, ^ce this

reaction is apparently not accompanied by a migration of the

unsaturated linkage. However, considerable amounts of poly-

merization products are generally encountered.
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The oaonide p^oxide of linolenic acid has been described ** as a
viscous oil which explodes on heating. When heated with water

it yields azelaic acid together with substantial amounts of azelaic

acid semialdehyde and other products. The ozonide of ethyl lino-

lenate, when decomposed in boiling water, yields a variety of

products among which are azelaic add, azelaic add semialdehyde,

propionic acid, malonic add, and the ethyl esters of these acids.

The cleavage products of methyl ricinoleate perozonide have been

investigated by Haller and Brochet,*® who obtained 3-hydroxy-

pelargonic acid and azelaic add together with other products.

Studies of the rate of ozonization of unsaturated compounds have

diown that isolated double bonds are extremely reactive towards

ozone; however, with conjugated compounds one double bond adds

ozone rapidly while the others react quite slowly.* The trans

forms have been stated to add ozone more rapidly than their ds
isomers. Molinari has claimed that acetylenic adds are not

reactive towards ozone, thus distinguishing them from their iso-

meric ethylenic acids; however, this opinion has been questioned

by Harries.*®

The action of oxidizing agents upon the unsaturated fatty acids

presents an extremely interesting subject. The better-known oxi-

dizing agents such as chromic acid, nitric acid, peracetic acid,

perbenzoic acid, benzoyl peroxide, potassium permanganate, and

others are all reactive with the ethylenic acids. Although the oxi-

dative mechanisms with these various chemical agents have many
aspects in common, studies of the intermediate, and frequently

the final, products indicate characteristic differences in their

behavior. The course of the reaction is frequently influenced by
the presence of solvents and by the reaction conditions employed.

The extended oxidation of the unsaturated fatty acids is generally

attended by a cleavage of the unsaturated linkages to form

mono- and dibasic acids, aldehydes, and other scission products.

The cleavage generally takes place at the position originally occu-

pied by the double bond, although in many instances a shift in

the double bond occurs either prior to or during the cleavage.

Until this fact was fully appreciated, oxidation reactions frequently

resulted in erroneous conclusions regarding the structure of certain

luisaturated acids. In studies of the intermediate products of an

* For a general discussion of the relative reactivities of unsaturated linkages

see Allen and Blatt, Organic Chemistry^ 2nd ed., Gilman, editor, Chap. 7,

John Wiley & Sons, New York (1943).
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oxidation, the possibility of a geometrical isomerization during the

reaction must be considered. For example, in the preparation of

dihydroxystearic acids by the oxidation of oleic add, the low-

melting dihydroxystearic acid is obtained when peracids are em-

ployed as the oxidizing agents, whereas the use of dilute alkaline

permanganate solutions yields the higher-melting isomer. Elaidic

acid, on the other hand, 3delds the lower-melting acid with per-

manganate and the higher-melting form with the peradds. The
causes of this inversion are not clearly understood. In the follow-

ing paragraphs the actions of several representative oxidizing

agents upon the unsaturated fatty acids are discussed as regards

both the intermediate and final products and also the reaction

mechanisms.

The ethylenic acids are vigorously oxidized by nitric acid with

the formation of mixtures of mono- and dibasic acids.®®*®* Lew-
kowitsch®® obtained adipic, pimelic, and suberic acids together

with the monobasic acids from formic acid to caproic acid by the

action of nitric acid on oleic acid. The intermediate products

formed by this oxidation contain appreciable amounts of nitrated

materials. The oxidation of ricinoleic acid by nitric acid results

in a mixture of suberic and azelaic acids together with short-chain

monobasic acids. Pimelic acid has also been reported®® to be

formed under these conditions. The relative amounts of suberic

and azelaic acids obtained by the nitric acid oxidation of ricinoleic

acid vary according to the oxidizing conditions. Verkade®^ has

reported that higher temperatures favor the formation of suberic

acid, although a lower total yield of the mixed acids is obtained.

Lower temperatures and the use of less-concentrated nitric acid

result in higher yields of azelaic acid. The formation of suberic

acid has been stated to be a secondary reaction. The action of

dilute nitric acid on ricinoleic acid results in the formation of a

nitric ester,®® although the attending drop in the iodine value

indicates that the double bond is also involved. The addition

product of nitrogen dioxide and oleic acid has been observed to

decompose in boiling water to yield nitrononane, pelargonic add,

and azelaic acid,®® whereas the addition product of ricinoleic add
yields heptanoic and azelaic adds. The production of dibasic adds
by the oxidation of oleic acid with nitric add in the presence of

ammonium vanadate has been patented.^®® Fuming nitric add
oxidizes acetylenic acids to a mixture of di- and monobasic adds
with the intermediate formation of diketo adds, stearolic and
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behenolic adds having been shown to yield first stearoxylic and

behenoxylic adds, respectively.“^^“

The oxidation of ethylenic adds and their derivatives by per-

acids, such as persulfuric, peracetic, and perbenzoic acids, yields

hydroxy adds which are stereoisomeric with those obtained by
the oxidation of these same substances with alkaline permanganate.

If the latter oxidation is not accompanied by a change in configurar

tion (a view which has been frequently held^**^®*), then inversion

must be encountered where peracids are employed. If inversion is

encountered it most likely takes place during the hydrolysis of the

intermediate epoxide. Hilditch and Lea,^"^ on the other hand, have

contended that inversion is the result of the highly alkaline condi-

tions employed in the permanganate oxidation. Whatever view-

point is assumed, it is a well-recognized fact that two isomeric

dihydroxy acids are obtained by the oxidation of a monoethylenic

add, and that the particular isomer which results is largely de-

pendent upon whether the oxidation is conducted in an acid or

an alkftliTift medium.

When ethylenic acids are treated with perbenzoic acid, oxido

acids are first formed, and these can subsequently be hydrolyzed

to yield hydroxy acids.^®® The reaction proceeds as follows:

CH8(CH*),CH:CH(CHa)/X)aH CH8(CH2)xCH CHCCHjOvCOaH

CH,(CH2).CH—CH(CH*)/X)*H

in <i)H

The action of perbenzoic add on linoleic acid has been studied

by Bauer and Kutscher,^®^ who observed that the products closely

resemble those obtained by air oxidation. The later studies of

Bauer and Bahr ^®* indicated that polyethylenic acids apparently

do not form simple oxy acids, but yield oily products of imdeter-

mined composition. Smit,^®® however, has since obtained a 9,12-

dioxidostearate, m.p. 31°, by the oxidation of methyl linoleate with

perbenzoic add, the saponification of which yielded a dioxido-

stearic add, m.p. 79°. Hydration of this latter product with

boiling O.IA^ H2SO4 gives a tetrahydroxystearic acid melting at

95°, whereas hydration with 80% H2SO4 at 0° gives an isomeric

tetrahydroxy add, m.p. 148°. An oxy acid melting at 62° has been

obtained ^ by the action of perbenzoic acid on oleic acid, and an
isomeric add melting at 57.5-58.5° by a similar treatment of
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elaidic add. Hydrolysis of the former yields a dihydroxystearic

acid, m.p. 96^, and of the latter a dihydroxystearic acid melting

at 132^. Erucic acid gives, upon oxidation with perbenzoic acid,

an oxy acid melting at 67.5° which yields a dihydroxybehenic add,

m.p. 133°. Hydrolysis of the oxy acids produced by the action of

perbenzoic acid,^^ and also of benzoyl peroxide, on oleic add and
elaidic acid yields dihydroxystearic acids. The hydration of the

oxy acids obtained from methyl ricinoleate and methyl ricinelaidate

yields isomeric trihydroxystearic acids.

The oxidation of ethylenic acids by means of peracetic acid

probably follows a mechanism quite similar to that observed for

perbenzoic acid. Oleic and elaidic acids when treated with hy-

drogen peroxide in glacial acetic acid (peracetic acid) yield hy-

droxy acids which melt at 95° and 132°, respectively, the reaction

proceeding quite smoothly and, according to Hilditch,^^^ without

the formation of an intermediate oxy acid. However, when sodium

oleate is oxidized with hydrogen peroxide in aqueous sodium

hydroxide, the higher-melting dihydroxystearic acid is obtained,

the formation of which Hilditch believes to be due to a change

similar to a Walden inversion. The oxidation of methyl oleate

and methyl elaidate by peracetic acid yields esters of dihydroxy-

stearic acids, an increase in the temperature of the reaction bring-

ing about an appreciable acylation of the hydroxyl groups.*®®

Products similar to those produced by air oxidation are encoun-

tered if the reaction is conducted at low temperatures, and Bauer

and Eutscher have observed that the products obtained by the

oxidation of linoleic acid with hydrogen peroxide resemble those

resulting from autoxidation. The oxidative properties of hydrogen

peroxide have been reported*** to be greatly increased by the

presence of copper salts. The unsaturated bonds of non-conju-

gated acids are oxidized by peracetic acid at about the same

velocity;**® however, acids with conjugated unsaturation show an

appreciable decrease in the rate of oxidation after the reaction is

half completed. Conjugated unsaturated compounds, on the other

hand, absorb more than the theoretical quantity of oxygen, thus

indicating an oxidation of the hydroxy compounds initially formed.

King **^ has recently reported that the oxidation of oleic acid by
hydrogen peroxide in acetic acid yields a mixture of monoacetates

of the dihydroxystearic acid which melts at 95°. Elaidic acid

3delds the monoacetates of the isomeric dihydroxystearic acid

melting at 132°, in addition to an appreciable amount of an oxido-
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stearic acid, in.p. 55.5°. The epoxide of oleic acid when treated

with acetic acid yields a monoacetate similar to that obtained during

the oxidation; however, the epoxide from elaidic acid is only

partly converted to a monoacetate. If inversion accompanies the

production of hydroxy acids from ethylenic adds by oxidation of

the ethylenic acids with peracids or similar compounds, the inver-

sion probably takes place during the opening of the oxido ring.

This is still a very controversial question as will be shown later

in our discussion of the subject. King has proposed the following

mechanism for the oxidation of oleic and elaidic adds by hydrogen

peroxide in acetic acid;

RCH:CHR'
ACO2H

RCH CHR'V
AcOH RCH(OAc)CH(OH)R' h,o

RCH(OH)CH(OAc)R'
^

RCH—CHR'

Ah Ah

The action of persulfuric add (Caro’s acid) on ethylenic acids

produces dihydroxy acids similar in configuration to those ob-

tained by the use of peracetic and perbenzoic acids. Albitskii

obtained the lower-melting hydroxy acids by the action of per-

sulfuric acid on oleic and erucic acids, and the higher-melting acids

by the oxidation of elaidic and brassidic acids. Similar findings

have been reported for 6-oleic and 6-elaidic acids, the following

reaction mechanism having been proposed

HsSOs HsO
RCHiCHR' RCH(0H)CH(0S08H)R' —

^

RCH(OH)CH(OH)R' -f H2SO4

Chromic acid has long been employed for the oxidative cleavage

of unsaturated acids, the reaction apparently taking place without

a migration of the double bond. Grtin and Wittka obtained

azelaic and pelargonic acids by the oxidation of stearolic acid with

chromic acid and stated that a higher yield of pelargonic acid is

recoverable by this method than when alkaline permanganate is

employed. Chromic acid readily oxidizes dihydroxystearic acids,

the cleavage being between the two carbon atoms to which the

hydroxyl groups are attached. Diketo acids result from the

chromic acid oxidation of ketohydroxy acids. 12-Ketostearic

add is formed when 12-hydroxystearic acid is treated with this

reagent.^^ The oxidative cleavage of unsaturated bonds by means
of chromic acid is considered to be reliable for the determination
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of their position, although potassium permanganate is more fre-

quently employed. The oxidation of unsaturated acids by periodic

add has been the subject of several investigations.^®2.i28

Alkaline potassium permanganate is the reagent most frequently

employed for the oxidation of the unsaturated acids, since reac-

tions involving its use proceed smoothly and are susceptible to a

high degree of control. This reagent is often used for determining

the position of unsaturated linkages, the oxidation first yielding

hydroxy adds and then cleavage products. Under ordinary condi-

tions, cleavage occurs concurrently with the formation of hydroxy

adds, although conditions have now been established whereby

high yields of the intermediate hydroxy acids may be obtained.

The oxidation of oleic acid with x)otassium permanganate in alka-

line solution first forms a dihydroxystearic acid, m.p. 132®, isomeric

with that obtained by the use of peradds. Saytzeff ^ has stated

that this acid is similar to the dihydroxystearic acid prepared by
Overbeck by the treatment of dibromostearic acid with silver

oxide. The oxidation of elaidic acid by alkaline permanganate

yields a dihydroxystearic acid, melting at 95®, which is isomeric

with that obtained from oleic acid and identical with that which

results when oleic acid is oxidized by peracids or when halogenated

oleic acid is treated with aqueous or alcoholic alkali.^^^ The con-

figuration of the dihydroxy acids formed by oxidation with alkaline

permanganate is characteristic for oxidations conducted in highly

alkaline media and, according to Hilditch,^^^ their formation is

accompanied by an inversion. This is still an open question,^®

since hydrolysis of the methylene oxide rings may be attended by
a change in configuration.

The stereochemical relationships of the two dihydroxjrstearic

acids obtained from oleic acid have recently been discussed by
Atherton and Hilditch,^^? arrived at the conclusion that in-

version is encountered in the alkaline permanganate oxidation of

oleic and elaidic acids and that this inversion is probably caused

by the excess of alkali employed during the oxidation. It has been

shown by King that if the dihydroxystearic acid which melts at

132® is converted to a chlorohydrin and thence to an oxido acid,

the hydration of this oxido acid 3delds a dihydroxystearic acid

which melts at 95®. If the latter acid is so treated it is converted

into the higher-melting acid, thus showing that this series of reac-

tions is attended by a stereochemical change. It was pointed out

that the oxido acid obtained from the chlorohydrin resulting from
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the action of hypochlorous acid on oleic acid is similar to that

produced from the chlorohydrin obtained from the dihydroxy-

stearic acid melting at 132°, owing to the fact that both yield the

lower-melting acid upon hydration. Since such reactions are

accompanied by inversion, it follows that the formation of a di-

hydroxystearic acid melting at 132° by the alkaline permanganate

oxidation of oleic acid is likewise accompanied by a stereochemical

change. The fact that the oxidation of sodium oleate by hydrogen

peroxide in sodium hydroxide solution 3rields a dihydroxystearic

acid melting at 132° is further evidence that highly alkaline condi-

tions are conducive to such configurational changes. The action

of alkaline potassium permanganate on erucic and brassidic

acids yields high- and low-melting dihydroxybehenic acids,

respectively. The action of potassium chlorate in the presence of

osmium tetroxide on oleic and elaidic acids yields similar isomeric

acids; however, the reaction could not be brought to completion.

In 1898, Edmed obtained a 60% yield of dihydroxystearic acid

by the oxidation of oleic acid with alkaline potassium perman-

ganate at 60°. Almost complete conversion of oleic acid to dihy-

droxystearic acid has since been realized by Lapworth and Mot-

tram, who recommend a temperature of 0° to 10°, a concentration

of sodium or potassium oleate not exceeding 0.1%, and not over

1% of potassium permanganate, together with a short period of

oxidation (5 minutes) and a slight excess of alkali at the beginning

of the oxidation. It has been reported that in addition to

dihydroxy acids small amounts of ketohydroxy acids are formed

if the oxidation is conducted in weakly alkaline solution. The
conditions for the formation of ketohydroxystearic acids have been

extensively studied by King.^*®

The continued oxidation of ethylenic acids by alkaline perman-

ganate solutions results in a cleavage of the double bonds with

the formation of both mono- and dicarboxylic acids.^^ A highly

satisfactory method for the oxidative cleavage of ethylenic acids

has been proposed by Armstrong and Hilditch,^^ who employed

powdered potassium permanganate in acetone or acetic acid solu-

tion. The oxidation of methyl oleate, for example, yields nonanoic

acid and methyl hydrogen azelate according to the reaction

CHa(CHa)7CH:CH(CHs)7C02CH3

CH,(CH8)7C0*H + HOaC(CH*)7COsCHs
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The products obtained by the oxidative cleavage of ethylenic acids

with alkaline permanganate are somewhat determined by the

reaction conditions, as shown by the fact that Lapworth and
Mottram^*’' have reported high yields of capiylic, suberic, and oxalic

acids by the oxidation of a dihydroxystearic acid prepared from
oleic acid. The yield of azelaic acid obtained by the oxidation of

9-hydroxy-lO-ketostearic acid in alcoholic solution has been shown

to be materially increased by an increase in the amount of alkali.^®®

The oxidation of acetylenic acids by potassium permanganate

results in a cleavage at the unsaturated bond. Stearolic acid, for

example, when subjected to oxidative cleavage, has been re-

ported to yield pelargonic and suberic acids together vith

smaller amounts of caproic and azelaic acids. Careful oxidation

of stearolic acid yields stearoxylic acid. The oxidation of ricinoleic

acid by alkaline permanganate gives azelaic acid,^^ with the inter-

mediate formation of two isomeric trihydroxy acids melting at

110-111° and 140-142°.“®* ^28 xhe use of excess permanganate

results in a degradation with the formation of caproic, enanthic,

caprylic, azelaic, suberic, and 3-hydrox3rpelargonic acids. The
conditions for the maximum yield of azelaic acid from ricinoleic

acid have been reported.^^

Hazura obtained two tetrahydroxystearic acids, one melting

at 157-159° and the other at 171-173°, by the action of alkaline

permanganate on linoleic acid. The former has been claimed to

be a eutectic mixture of an acid melting at 163.5° and the higher-

melting isomer.^® Two hexahydroxystearic acids (m.p. 203° and

173-175°) are obtained by the oxidation of linolenic acid.^"*^^

See Chapter II for a discussion of the configurational relationships

which exist between these several polyhydroxy acids. The con-

tinued oxidation of these intermediate hydroxy acids jrields cleav-

age products. It has been stated that the cleavage of hydroxy

acids takes place more readily at the 12,13- than at the 9,l(>-posi-

tion. Lactone formation is apparently involved in the subsequent

oxidation of polyhydroxy acids. Oxidative cleavage by means of

alkaline potassium permanganate is often employed to establish

the structures of isomeric polyethylenic acids. ®**^^^

Unsaturated acids may be oxidized to dibasic and monobasic

acids with the intermediate formation of hydroxy acids, by the

action of sodium h3rpochlorite in the presence of nickel salts, the

actual oxidizing agent probably being a peroxide of nickel.^®
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HYDROGENATION *

The addition of hydrogen to the unsaturated adds and their

derivatives is a reaction which presents many elements of both

sdentific and technical interest. Although hydrogenation of the

glycerides is of far greater commercial significance than hydro-

genation of the acids themselves or their simple alkyl esters, much
of our knowledge of the reaction mechanism has been derived

from studies upon the latter compounds. Our discussion of this

subject does not purport to cover the many technical advances

which have been made by the fat and oil industry relative to the

preparation of the many hydrogenated products which are now
important articles of commerce. The following treatment of this

subject is, therefore, necessarily confined to those studies which

have been made upon the mechanism of hydrogenation and the

influence of molecular structure upon the relative rates of hydrogen

addition and to certain comments on the more important catalysts

which have been proposed for this purpose. Since it is reasonable

to assume that the hydrogenation characteristics of a fat are

largely functions of the component acids contained therein, much
of the following information can be considered as directly related

to the many problems involved in the hydrogenation of oils and

fats.

The pioneer researches of Sabatier and Senderens upon
catalytic hydrogenation are well kno^ra to students of chemistry.

This classical work not only provided the stimulus for many
subsequent investigations but also laid the foundation of a large

modern-day industry. Prior to this work the hydrogenation of

unsaturated acids could be accomplished only by diflacult pro-

cedures, such as that of Goldschmiedt which involved the con-

version of oleic acid into stearic acid by the action of phosphorus

and fuming hydriodic acid. All such chemical processes have been

superseded commercially by the method of catalytic hydrogena-

tion, which depends essentially upon the activation of molecular

hydrogen by adsorption upon a metallic surface. This adsorption

is of such a nature that the activated hydrogen can be used to

bring about the addition of hydrc^en to unsaturated linkages, the

reaction taking place at the catalytic surface. The function of the

*For a complete treatment of catalytic hydrogenation of organic com-
pounds, see Adkins and Shriner in Organic Chemistry, 2nd ed., Gilman, editor.

Chap. 9, John Wiley & Sons, New York (1943).
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metal is purely catalytic since it simply increases the rate at which

equilibrium is attained. This is evidenced by the fact that all

hydrogenating catalysts are also potential dehydrogenating cat-

alysts at elevated temperatures. A large number of metals and

metallic mixtures and also metallic compounds have been pro-

posed and used as hydrogenating catalysts. By far the most im-

portant of these is metallic nickel, which is almost universally used

in commercial hydrogenations. Certain noble metals, especially

platinum and palladium, are also highly catal3rtic and are fre-

quently employed as hydrogenating catalysts. It is also well

known that small amounts of certain substances function as^

catalytic promoters, either increasing the hydrogenating activity

or otherwise modifying the catal3rtic action. On the other hand, a

number of substances, particularly sulfur compounds, act as

catalytic poisons and either greatly reduce or destroy the catalytic

activity. Since catalytic hydrogenations are fimdamentally sur-

face reactions, many efforts have been made to increase the cat-

alytic surface. One of the most common of such methods consists

of the use of catalyst supports such as kieselguhr and other inert

materials. The subject of hydrogenating catalysts is discussed in

greater detail later in this chapter.

The mechanism of hydrogenation is somewhat more complicated

than is generally assumed. Even in the simplest case, that of the

addition of hydrogen to the double bond of a monoethylenic acid,

a study of the intermediate products of the reaction indicates that

hydrogenation is accompanied by other reactions which may in-

volve isomeric changes in the molecular structure of the ethylenic

compound. Since the final product is, in all cases, the completely

saturated acid, it is only by a study of the intermediate products

produced by partial hydrogenation that we obtain a true picture

of the accompanying changes. A number of studies have been

made upon the hydrogenation of oleic acid and its esters which have

conclusively shown that hydrogenation is accompanied by a shift

in the position of the double bond. The intermediate products

therefore contain, in addition to oleic and stearic acids, substantial

quantities of so-called isodleic acids. These isooleic acids are

generally formed by a shift of the ethylenic bond to positions

adjacent to that originally occupied, the new products appearing

as a mixture of both cis and trans forms. Hilditch and Vidyarthi

observed the formation of both 8- and 10-octadecenoates during

the hydrogenation of methyl oleate at 217-220^ in the presence of
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nickel, an observation which was later confirmed by a study of

the oxidation products of partially hydrogenated methyl oleate.^®

Somewhat contrary results obtained by Bauer and Ermann
were ascribed to different reaction conditions. The presence of

8- and lO-octadecenoic acids in the products of the partial hydro-

genation of linoleic acid has been explained by a shift in position

of the double bond of the resulting oleic acid.^^ The studies of

Moore upon the hydrogenation of oleic acid led to the conclu-

sion that the formation of isooleic acids is coincident with hydro-

genation, in that it takes place only during the actual hydrogena-

tion. This investigation indicated that under uniform conditions

of hydrogenation a definite ratio is established between the

amounts of oleic and isooleic acids. Normal oleic add is also

formed during the hydrogenation of isooleic acids, although the

ratio of isooleic acids to oleic acid is much greater than in the

hydrogenation of oleic acid. This shows that the formation of

isooleic acids is probably an equilibrium reaction and that isooleic

acids are a mixture of constituents at least one of which can revert

to oleic acid. The amounts of isooleic acids formed are highly

dependent upon the reaction conditions and upon the particular

catalyst employed. In general, high temperatures favor the

formation of iso adds as does also an increase in the amount of

catalyst. The latter factor, however, has been reported to exert

only a slight effect. The use of metals of the platinum group as

catalysts favors the formation of iso acids to a much greater extent

than the use of nickel and allied catalysts. The formation of iso

acids occurs largely during the initial period of hydrogenation, the

amount decreasing as hydrogenation proceeds.^^ According to

Steger and Scheffers,^®^ ethyl esters form more iso acids than the

corresponding glycerides when hydrogenated under similar condi-

tions. The esters of elaidic add yield substantial amounts of oleic

add esters, the amount of oleic ester formed being greater with

the ethyl esters than with the glycerides. Bauer and Erallis

have maintained that the formation of 8- and 10-octadecenoic adds
from oleic acid is brought about by heat alone, as evidenced by the

observation that such acids are formed when oleic acid is heated at

250^ in the presence of nickel in an atmosphere of nitrogen. It

was further claimed that solid acids result when oleic acid is heated

both m the absence and in the presence of catalysts; however, the

presence of occluded hydrogen on the reduced nickel could account

for this latter observation. It has further been shown that a shift
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of hydrogen from a saturated to an unsaturated compound takes

place when such mixtures are heated in the presence of nickel, an

example being the simultaneous hydrogenation and dehydrogenar

tion of a mixture of stearic acid and ethylene.^"

Unsaturated hydroxy acids, such as ricinoleic acid, can be

hydrogenated to saturated hydroxy acids at temperatures below

200^ in the presence of metallic nickel. At higher temperatures

the hydroxyl group is also reduced.^®® The hydrogenation of

ricinoleic acid produces an optically inactive hydroxystearic acid,^®^

showing that the reaction is accompanied by a racemization.

The polyethylenic acids and their derivatives add hydrogen in

the presence of catalytic materials with great rapidity, the rate of

addition being, in general, proportional to the degree of imsatura-

tion. When mixtures of unsaturated acids are catalytically hydro-

genated, the more highly unsaturated acids are first reduced to a

lesser degree of unsaturation before substantial reduction of the

monoethylenic acids is encountered. In such reactions, therefore,

we are confronted not only by the various isomeric changes which

may involve a shift in the position or a change in the configuration

of an ethylenic bond, but also by the differences in rates of reduc-

tion of the several unsaturated bonds. It is well knoAMi that if an

acid contains two or more unsaturated linkages these bonds are

reduced at different rates, depending upon their relative positions

within the fatty acid molecule. Studies of the intermediate prod-

ucts of hydrogenation of the polyethylenic acids and their deriva-

tives, however, have not led to clear-cut conclusions. This is

occasioned by the fact that although the rates of hydrogenation

of the several bonds do differ materially the reactions proceed

simultaneously, so that products representing all degrees of

unsaturation are present. Selective hydrogenation is a subject of

considerable interest, and much work has been done upon the

effects of various catalysts and hydrogenating conditions upon
selectivity. Since the relative rates of hydrogenation are quite

responsive to factors such as the amount and kind of catalyst, the

temperature and time of reaction, and other variables, it is not

surprising that investigators are in some disagreement as regards

the reduction mechanism of polyethylenic acids. In their study

of the hydrogenation of ethyl linolenate, Hilditch and Vidyarthi ^®*

concluded that with the more unsaturated acids the rate of reduc-

tion of an ethylenic bond is greater the farther it is removed from

the carboxyl group. On the other hand, van der Veen'®® has
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stated that the 12-ethylemc bond of linolenic acid is first reduced

to yield 9,15-Iinoleic acid, some of the double bonds of which shift

to the 10- and 14-po6itions. Continued hydrogenation results in

a saturation of the 14- and 15-positions, yielding 10- and 9-octar

decenoic acids. These latter acids are partially converted to

isomeric acids by a shift of their ethylenic bonds to positions adja-

cent to those originally occupied. In contrast to the above, Bauer

and Ermann have claimed that linolenic acid is first reduced at

the 9-bond and then at the 15-bond. In an appraisal of all this

work it is quite evident that the relative rate of hydrogenation of

an ethylenic bond is influenced by its position, and the writer is

inclined towards the view of Hilditch that those bonds closest to

the carboxyl are the most resistant to reduction. The tendency of

the ethylenic bonds to migrate during hydrogenation reactions,

however, renders any conclusions somewhat speculative. Con-

jugated acids are readily hydrogenated, Boeseken and Krimpen
having shown that the addition of one mole of hydrogen to a-eleo-

stearic acid produces 10,12-octadecadienoic acid, the intermediate

product thus retaining a conjugated system. Pelly has stated

that acids are less readily hydrogenated than glycerides, but that

the rate of hydrogenation of the acids is increased if glycerides are

present.

We owe much of our present^Kiay knowledge of hydrogenation

to the many studies made upon the mechanism of catalytic action

and upon the effect of the composition and physical state of the

catalyst on its activity. Catalytic hydrogenations are essentially

surface reactions and it is generally recognized that such reactions

are brought about by the adsorption of one or more of the reactants

upon the catalytic surface.* The fact that certain metals possess

the peculiar ability to absorb large amounts of hydrogen was rec-

ognized long before the advent of catalytic hydrogenation. Gra-

ham observed that palladium absorbs 930 times its own volume

of hydrogen, and it was later stated that platinum black can

absorb 110 times its volume.

Since catalytic hydrogenation is a surface reaction, it is natural

that many investigations have been made upon the nature of the

* The reader is referred to the following books upon catalysis: Sabatier and
Reid, Catalysis in Organic Chemistry, D. Van Nostrand Co., New York (1923);

Griffith, The Mechanism of Contact Catalysis, Oxford University Press, London
(1936); Ipatieff, Catalytic Reactions al High Pressures and Temperatures,

Macmillan Co., New York (1936); Berkman, Morrell, and Egloff, Catalysis,

Reinhold Publishing Corp , New York (1940).
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catalytic surface. The metallic atoms in the surface are held by
var3ring degrees of constraint, whereas those in the body of the

metal are part of the normal crystal lattice. Taylor has em-
phasized that the surface may be regarded as composed of atoms
in varied degrees of contact with neighboring atoms. It has been

postulated that this would result in the presence upon the

surface of certain highly active points capable of adsorbing react-

ants in a highly activated state. Whether one or both ot the

reactants are adsorbed is probably largely dependent upon the

type of reaction catalyzed. In hydrogenation reactions, however,

it is possible that the reaction takes place entirely at the catal3rtic

surface and that both the hydrogen and the unsaturated compound
should be regarded as having an aflBnity for the catalyst.”® Arm-
strong and Hilditch have adhered to the theory that unstable

intermediate compoimds are actually formed between the reactants

and the catalytic metal. Whatever the actual mechanism, it is

apparent that the catalytic surface is not uniformly active but that

the presence of points of activity brings about an activated adsorp-

tion in such a manner that the rate of a chemical reaction is

enormously increased, and that the products formed have a de-

creased affinity for the catalytic surface.

The catalytic hydrogenation of fatty substances may be con-

ducted in either the vapor or the liquid phase, and in the initial

disclosure of the process both types of reaction were considered.

The process of mixing the catalyst with the oil and heating under

hydrogen pressure with stirring was first announced by Kayser.^^®

The use of stationary catalysts and the spraying of a mixture of

the oil and catalyst into a hydrogen atmosphere were among
the early suggestions. Since the disclosures of these fundamental

processes, a large number of improvements have been proposed and
adopted relative to both the technical process and the apparatus

employed in hydrogenating fatty materials.

Although many catalysts have been suggested for the hydrogen-

ation of unsaturated fatty acids or their derivatives, metals of the

platinum and nickel groups are the only ones which are generally

employed, and of these, metallic nickel is by far the most frequently

used. Related metals such as cobalt, copper, or iron are less

active and are infrequently employed in spite of the fact that they

are more resistant to certain poisons.

Nickel catalysts are generally prepared by the reduction of

nickel compounds by hydrogen or other means, the activity being

lareelv dependent upon the method of preparation. This activity
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is known to be modified by the addition of so-called promoters.

On the other hand, it is well known that veiy small amounts of

halogens or sulfur compounds, and also some nitrogenous mate-

rials, greatly reduce or completely destroy the activity of nickel

catalysts. The higher the initial activity the less the resistance to

such poisons, and it is supposed that such substances are irreversi-

bly adsorbed on the surface ot the catalyst. The temperature at

whi^h the nickel compound is reduced has a quite decided effect

upon the activity of the resulting catalyst. Nickel oxides begin to

reduce below 200®; however, Ellis has stated that the reduction

is not complete at 270®, and that temperatures between 300® and
325® give the most satisfactory results. Nickel catalysts prepared

at this temperature are black and possess a maximum siuface.

Higher temperatures (500®) produce a gray, sintered product which

is devoid of activity. The use of inert supports, originally patented

in 1910,^^ is now almost universally accepted.

A convenient method for the preparation of a nickel catalyst

consists of absorbing a solution of a nickel salt upon an inert sup-

port, treating with sodium carbonate, heating, and reducing. The
preparation of a nickel catalyst by absorption of a solution of nickel

nitrate upon washed pumice or other support, followed by decom-

position of the nitrate and reduction of the resulting oxide, is

the subject of an early patent.^*® The supports generally employed

include kieselguhr, clay, various diatomaceous earths, and sili-

cates. Supports such as charcoal and glass have been sug-

gested.

Many nickel compounds have been investigated as starting

materials for the preparation of nickel catalysts. The use of re-

duced nickel borate has been claimed to yield a catalyst which is

not easily poisoned.^**’ Normann has claimed that nickel

borate decomposes into metallic nickel and boric acid when heated,

and it has subsequently been claimed that a mixture of nickel

and boron trioxide is an active catalyst. It has further been

observed that a considerable increase in hydrogen adsorption is

brought about by moistening a nickel catalyst with a O.OIN solu-

tion of sodium borate; higher concentrations, however, bring about

an appreciable decrease in adsorption. The use of nickel sili-

cates or of mixtures of nickel and aluminum silicates has

been disclosed. Myddleton has proposed the use of mixtures

of nickel oxide with silicate esters. Kahlenberg and Pi have

compared the activity of a number of nickel salts, such as the
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tungstate, borate, silicate, chromate, and molybdate, and have

reported that the catalyst prepared from nickel silicate is the most
active. Metallic aluminates, such as nickel aluminate, have been

stated to 3deld quite satisfactory hydrogenating catalysts.

As previously stated, it is known that the activity of nickel

catalysts and also their resistance to poisoning can be increased

by the addition of promoters. For example, the addition of copper

salts has been claimed to yield catalysts which will hydrogenate

at lower temperatures and are more resistant to poisons than those

obtained from the nickel compounds themselves. Nickel catalysts

containing 0.3% copper give large amounts of iso acids; however,

those containing 4% form only small amounts of such acids.

Salts of rare earth metals, beryllium, manganese, uranium, and
vanadium, and the chromates, phosphates, molybdates, and tung-

states have been stated to exert a promoting action on nickel

catalysts.

Many substances, particularly halogens, sulfur compounds, and

nitrogenous compounds, reduce the activity of nickel catalysts.

The addition of sodium sulfate, nickel sulfate, sodium carbonate,

or sodium silicate to a reduced nickel catalyst partially destroys

its activity.^®® Ueno ^®® has listed a number of substances which

reduce the activity of nickel catalysts, among which may be men-
tioned metallic soaps, arsenic trioxide, oxalic and similar adds,

proteins, glucose, and certain hydroxy acids. The effect of metallic

soaps upon a nickel-copper catalyst has been investigated re-

cently.®®® It was noted that sodium and potassium soaps exert a

strong poisoning effect, magnesium, calcium, barium, lead, iron,

manganese, zinc, and cadmium soaps a lesser effect, whereas copper

and silver soaps have a promoting action.

Active catalysts can be prepared by the reduction of nickel salts

of organic acids, such as nickel oleate,®®^*®®® nickel salts of fatty,

resin, or naphthenic acids,®®* nickel oxalate,®®^ nickel formate,®®®*®®®

or mixed nickel and copper formates.®®^ Nickel carbonyl was
among the first of the organic nickel compounds proposed for this

purpose.®®® In the preparation of a catalyst from nickel formate

the reduction of the catalyst is accomplished simply by heating

the salt in oil in the presence of an inert atmosphere. Active nickel

catalysts have been prepared®®® by heating a mixture of nickel

nitrate and sucrose. One of the most widely used and successful

hydrogenating catalysts is that proposed by Raney,®^® which is

prepared by dissolving the aluminum from a nickel-aluminum
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alloy by use of sodium hydroxide solutions. Such catal3rst8 are

commonly known as '^Raney catalysts,” and details of the method

employed for their preparation have been published.*^’ Colloidal

catalysts can be prepared by producing metallic dispersions by

the action of an electric arc between electrodes of catalytic metal

immersed either in water or in oil.*^^

The catalytic activity of the suboxides of nickel has been a

controversial subject. Bedford and Erdmann have contended

that the lower oxides of nickel (NisO or Ni20) are highly catalytic

and are more resistant to poisons than metallic nickel catalysts,

and several patents have been issued pertaining to the use of such

catalysts.*^® Meigen,^!^ on the other hand, has claimed that nickel

oxides owe their activity to the presence of metallic nickel, a view

which has been strongly contested by Erdmann.^^* It has been

stated that nickel oxide catalysts reduce the hydroxyl group of

ricinoleic acid more readily than the double bond.^“

Catalysts prepared from metals of the platinum group are often^

used in laboratory hydrogenations although they are not generally

employed in large-scale commercial operations. According to

Richardson and Snoddy,^^* platinum catalysts are not so selective

as nickel, and the hydrogenated products contain large amounts

of iso acids. The reduction of imsaturated fats and fatty acids

by hydrogenation in the presence of metals of the platinum group

has been the subject of several^ patents-^^o ^i Higgins “2 has pro-

posed a mixed catalyst prepared from nickel formate and palladium

chloride, and Paal has suggested the use of nickel catalysts which

contain precipitated palladium or platinum on their surfaces.

Mixed platinum or palladium and nickel catalysts which contain

promoters have been described.^^ Platinum catalysts have been

stated to be poisoned by phosphine, hydrogen sulfide, mineral

acids, liquid hydrocarbons, carbon disulfide, and chloroform.^®

Platinum or palladium black can be prepared by a variety of

procedures, several of which were proposed over a century ago.

Among these older methods may be mentioned the reduction of

platinum chloride with alcohol and alkalies,^^® with sodium for-

mate,“^ with glycerol and potash,^® or with zinc or magnesium.^
Among the most satisfactory methods for the preparation of a

colloidal platinum catalyst is that proposed by Loew,®*® which

consists of adding formalin to an aqueous solution of platinum

chloride and then adding aqueous sodium hydroxide solution. The
preparation of colloidal platinum has been accomplished by passing
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an electric arc between platinum electrodes immersed in water.^’^

Such suspensions are quite unstable, although they can be stabil-

ized by the addition of protective colloids such as egg albumen or

gum arabic.^^ Palladium catalysts have been obtained by similar

procedures. The preparation of colloidal platiniun or palladium

has been the subject of several investigationB,***'^*^^** a satisfactory

method for their preparation being as follows:

Dissolve 2 g. platinum chloride in a little water containing 1 g.

dialyzed egg albumen, and make the solution slightly alkaline.

Add a slight excess of hydrazine hydrate, dialyze, and dry the solu-

tion. The resulting black powder disperses readily.

Although metals of the nickel and platinum groups are the most

common hydrogenating catalysts, other materials have been in-

vestigated. Examples of these latter substances are osmium di-

oxide and metallic selenium.^®^

Although catalytic hydrogenation is the most important method
for reducing unsaturated fatty substances, mention should be

made of several other processes which have been investigated.

Auj^ong the straight chemical methods proposed, the reduction of

ethylenic compounds by the use of hydrazine hydrate is of interest,

particularly as a laboratory procedure. Oleic acid has been ob-

served to be easily reduced to stearic acid and ricinoleic acid to

12-hydroxystearic acid by its use at room temperature.^**'^®*

The possibility of the electrolytic reduction of unsaturated oils,

probably first suggested by Weineck,*" has been investigated hy

Magnier, Brangier, and Tissier.*^^ An alcoholic solution of oleic

acid has been reported to yield approximately 15 to 20% of

stearic acid when electrolyzed between nickel electrodes. The re-

duction of either a suspension or an alcoholic solution of unsatu-

rated acids between platinized platinum or palladium electrodes

at low current density has been described.^* Pomilio showed

that the speed of reduction depends both upon the solvent and

upon the nature of the acid.

Atomic hydrogen produced by the action of a silent electric

discharge in a hydrogen atmosphere brings about appreciable

hydrogenation of unsaturated fatty materials; however, the reduc-

tion is attended by a large amount of polymerization, especially

when highly unsaturated acids are involved. Kroepelin and

others *** subjected thin films of oleic acid to the action of atomic

hydrogen resulting from the glow discharge and reported 54%
saturation of the double bonds with little apparent reduction of
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the carboxyl groups. A substantial amount of a viscous, sticky oil

was also obtained, the formation of which was not ascribed to

reactions at the double bonds since the unsaturation of this

polymer was the same as that of the distillable fraction. The
observations of Iwamoto^^ support the view that a saturated

fatty acid, such as palmitic or stearic acid, when treated in the

sUent electric discharge, yields a liquid polymerization product

having appreciable unsaturation. Eichwald,^^ in his studies of the

action of the glow discharge upon pure oleic acid, accounted for

the low yield of stearic acid by assuming that hydrogen is split

off from the acid molecule to give highly unsaturated acids which

readily pol3anerize. Only a portion of this hydrogen is reactive

mth the ethylenic linkage of the oleic acid. Substantial yields of

stearic acid have been obtained from oleic and elaidic acids by
passing these acids through a discharge tube containing tungsten

filaments and operating under 6-7 mm. hydrogen pressure.®^*

Waterman and Bertram^ have emphasized the major role of

polymerization reactions when oleic acid is treated with activated

hydrogen, and it was observed that when hexadecene is expgsed

to activated hydrogen for several hours the main reaction en-

countered is polymerization.

The catalytic effect of a number of substances upon hydrogena-

tion by activated hydrogen has been investigated, and platinum

and palladium have been stated to exert a powerful hydrogenating

effect whereas bismuth trioxide and ferric chloride accelerate

polymerization. The addition of metallic catalysts to facilitate

hydrogenation by activated hydrogen was patented in 1912 by
Utescher.2®2 The effects of various gases, temperature, voltage,

polar distance, and gas pressure have been investigated.^®*

HALOGENATION

Halogenation takes place either by substitution or by addition,

and reactions of both types are frequently employed for analytical

or synthetic purposes with the fatty acids or their derivatives.

The reactivity of the halogens for both substitution and addition

reactions is in inverse relationship to their molecular weight, which

is the opposite of that encountered with the hydrogen halides.

Fluorine reacts violently with both saturated and unsaturated

aliphatic compounds, the reactions frequently becoming uncon-

trollable. Chlorine and bromine are capable of both substitution
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and addition reactions, whereas iodine is added slowly and does

not generally yield substitution products.

Saturated aliphatic compounds when subjected to the action of

fluorine bum with incandescence, yielding hydrogen fluoride and
carbon fluorides. Such reactions often take place with explosive

violence.*®^ Moissan observed that even lamp black and char-

coal react readily with fluorine to form carbon fluorides. Acetone

reacts violently with fluorine but if the fluorine is diluted with

an equal volume of carbon dioxide a smooth reaction ensues. On
the other hand, distillation of the product which results under the

latter conditions yields only a charred residue. Bockemiiller

obtained a mixture of fluorine derivatives melting at 7® by the

action of an equal mixture of fluorine and carbon dioxide on hexa-

decane dissolved in carbon tetrachloride. Butyric acid, when
treated in a similar manner at a low temperature, gives a mixture

of products including 3- and 4-fluorobutyric acids. Fluorination of

hexadecene results in a small 3deld of a difluoro compound, and

oleic acid gives a mixture of two difluorostearic acids which melt

at 81® and 95°. Elaidic acid, under the same conditions, gives a

difluorostearic acid which melts at 84-86®. Substantial yields of

fluorinated compounds have been obtained by the use of lead

tetrafluoride as the fluorinating agent. Fluorinated aliphatic

compounds can be obtained by the action of fluorine on halogenated

compounds other than fluorides in the presence of catalysts such as

antimony halides,^®®* 2 ®*’ 2®° the reactions proceeding smoothly and

resulting in high yields. It has been claimed that the formation

of large amounts of resinous products can be avoided by the use

of this procedure. An apparatus for the direct fluorination ot

organic compounds has been described.-®^

The substitution of chlorine or bromine for hydrogen in the alkyl

chain of the fatty acids, with the formation of either mono- or

polyhalo acids, can easily be accomplished. It is generally assumed

that a hydrogen upon the a-carbon atom is first replaced so that

monohalogenation yields essentially an a-halo acid. This prefer-

ence for a-halogenation has been ascribed to enolization.^® If the

halogenation is continued, any of the hydrogens attached to

methylene groups may be involved. The action of free bromine

on stearic, palmitic, myristic, and lauric acids has been studied by

Krafft and Beddies.^®® The reaction of monobrominated palmitic

acid with potassium cyanide, followed by hydrolysis of the result-

ing cyanopalmitic acid, yields tetradecylmalonic acid,^®^ thus show-
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substitution in the saturated adds is catalyzed by the presence of

phosphorus,*®* and this reaction is generally termed the ‘‘Hell-

Volhard-Zelinsky reaction” because of their pioneer work in this

field.*®®*
*®^’*®® The bromination of a number of mono- and dicar-

boxylic acids in the presence of phosphorus has been described by

Auwers and Bemhardi.*®® Palmitic acid when brominated in the

presence of red phosphorus yields 2-bromopalmitoyl bromide, from

which 2-bromopalmitic acid is readily obtained by treatment with

water. This reaction is characteristic of the saturated acids and

is generally employed for the preparation of their a-bromo deriva-

tives.*^® Shorter-chain acids add bromine smoothly in the presence

of hydrogen chloride dissolved in acetone.*^^ Phosphorus chlorides

are often used as halogenating catalysts; for example, the bromi-

nation of caproic acid in the presence of phosphorus trichloride

has been reported *” to yield 90% of 2-bromocaproic acid, and the

bromination of 5-bromopentanoic acid in the presence of phos-

phorus tribromide gives 2,5-dibromopentanoic acid.*^® The action

of hydrogen bromide or hydrogen iodide on saturated acids *^® in

the presence of nitrosulfonic acid yields a-bromo or a-iodo acids,

respectively. The chlorination of aliphatic esters of the saturated

acids has been studied quite recently by Guest and Goddard.*^®

It was observed that when methyl caprylate, laurate, myris-

tate, and stearate are chlorinated in the presence of catalysts

such as sulfur, phosphorus chlorides, or chloroacetyl chloride, a

large proportion of polychloro esters is formed even in the presence

of substantial amounts of unaltered esters. The amounts of the

former ranged from 8% to 40% and of the latter from 13% to

54%. This indicated that, under the conditions investigated, the

chlorination of aliphatic esters to produce a-chloro esters is a more

complex reaction than formerly supposed, and that a variety of

chlorinated products in addition to a-chloro esters are formed.

In a recent study of the chlorination of saturated hydrocarbons

such as dodecane or hexadecane, Asinger *^® observed that substi-

tution takes place uniformly on all the methylene groups, thus

yielding a mixture of all the theoretically possible isomeric mono-

chloro derivatives. Substitution upon the methyl group is much
less than upon any of the methylene groups. Chlorination of the

paraffins results in an increase in molecular volume, a lowering of

the melting point, and an increase in viscosity.*^
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The addition of halogens to the nnsaturated fatty acids or their

derivatives is one of the most important and frequently employed

reactions in fatty acid chemistry. Such reactions not only offer

many interesting synthetic possibilities but also form the basis of

several analytical procedures. Halogenations involve the addition

not only of the halogens themselves but also of halogen compounds

such as ICl, IBr, or BrCl. The studies of White and Robertson

upon the kinetics of halogenation have indicated that chlorine

reacts with olefins in acetic acid solution according to a bimolecular

mechanism, whereas reactions involving bromine and iodine or

their chlorides are trimolecular. The addition of these latter

halogens is preceded by the formation of a complex which then

reacts with a second mole of halogen, a reaction which is precluded

for chlorine because of its inability to expand its outer ring of

electrons. The rate of addition of halogens in acetic acid varies

over a wide range, the following general ratios of reaction having

been determined: I2 , 1; IBr, 3 X 10®; Br2 ,
lO'*; ICl, 10®; and

BrCl, 4 X 10®. In a more detailed study of the mechanism of

bromination. Walker and Robertson have considered the reac-

tion rate to be a composite between a bi- and a trimolecular rate,

the latter predominating at the higher concentrations. The
bimolecular order is favored by dilution, high temperatures, and

the presence of ionizing solvents. The addition of an unsym-
metrical halogen halide such as ICl, IBr, or BrCl is subject to the

same considerations regarding orientation as additions involving

hydrogen halides, in that the more positive atom goes to the more
negative carbon atom The contention that halogen additions

to ethylenes constitute chain reactions involving radicals has re-

ceived substantial support.^*^ Burton and Ingold have postu-

lated a transition state for halogen additions, one of the halogen

atoms accepting a pair of electrons from the ethylene, the other

atom thus assuming a negative charge. The negative halogen then

migrates to the positive carbon atom of the ethylene, thereby

completing the addition. The action of bromine on an ethylenic

bond may be represented as follows:

+ —

CHa: :CH2 + Br:Br CHaiCHaiBr :Br -> Br:CHa:CHa:Br

The ethylenic bond thus functions as a pseudo base, the inter-

mediate assuming a linear configuration the resonating forms of

which are CH2 : :CH2Br:Br and CH2 :CH2 :Br:Br. The effect of

alkyl substitution upon orientation, the marked catalytic effect of
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water upon halogenation, and other considerations lend consider-

able support to this mechanism.

The halogenation of a monoethylenic acid presents the simplest

case of halogenation of imsaturated fatty acids. The addition of

chlorine, bromine, or iodine to a monoolefinic acid yields the corre-

sponding dihalo saturated acids; for example, bromine adds to oleic

acid to form a 9,10-dibromostearic acid which melts at 28.5-29°

and is isomeric with the 9,10-dibromostearic acid melting at 29-30°

obtained from elaidic acid. Removal of the bromine by zinc and

hydrochloric acid regenerates the original acids.^*®*^®^ These

findings confirm the view previously expressed by Nicolet 2®^ in his

studies of the dibromides of oleic and elaidic anilides, that no isom-

erization is encountered in the addition and removal of halogen

at an ethylenic bond; however, they do not preclude a double in-

version. lodination has been stated to be an equilibrium reaction,

the equilibrium constant, in the case of the ethylenic acids, being

independent of the concentration.^®® The rate of addition of iodine

to ethylenic acids varies according to the position of the double

bond with reference to the carboxyl group. The activation ener-

gies for the bromination of 3- and 2-unsaturated acids have been

calculated 2®® to be 24.4 and 31.5 kg cal./mole, indicating that the

former should be more readily brominated. Margosches and

associates*®® have studied the influence of a number of factors

upon the rate of addition of halogens to monounsaturated acids.

The acetylenic acids add either one or two moles of halogen to

form the corresponding di- or tetrahalo derivatives.**®

All the polyethylenic acids add halogens with the ultimate

formation of the corresponding saturated halo acids. It is well

known, however, that the rate of addition of halogens varies widely,

depending upon the relative position of the double bonds; conju-

gated acids, for instance, have a markedly different rate of addition

than those containing unconjugated systems. According to the

data of Knauss and Smull,*®^ the rate of addition of bromine to

oleic, linoleic, and linolenic acids increases with increasing unsatu-

ration; however, a longer time is required for the complete bromi-

nation of the more highly unsaturated acids.

The addition of bromine to linoleic acid produces approximately

equal amounts of two tetrabromostearic acids, the one a solid

melting at 114-115° and the other a liquid;*®* debromination of

these bromides yields the so-called a- and jS-linoleic acids, respec-

tively.*®® Bromination of the regenerated a-linoleic acid again
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yields both a solid and a liquid tetrabromide. The bromination of

linolenic acid likewise yields a mixture of isomeric hexabromostearic

acids. The acid obtained by debromination of the solid hexa-

bromide is known as a-linolenic acid and that from the liquid as

jS-linolenic acid. By virtue of the comparative insolubilities of the

solid bromides in petroleum ether and other solvents, a pure solid

tetrabromide or hexabromide can be obtained, the debromination

of which offers a source of linoleic or linolenic acid. For a consider-

ation of the configurational relationships of these brominated acids,

refer to the previous discussion of linoleic and linolenic acids. The
preparation and properties of the linoleic and linolenicacidsobtained

by bromination and debromination procedures have recently been

described,^ as has the bromination of elaidinized linolenic acid.^®

Toyama and Tsuchiya ^ have studied the chloroiodo derivatives

of linoleic and linolenic acids. The formation of polyhalo acids

has been described in several patents.^^*^®

When two moles of halogen add to a conjugated unsaturated

system the initial addition occurs in the 1,4-positions and is

attended by a shift in the position of the double bond, thus:

•--^H====OH[—CH=CH— -f* Bra —^ —CHBr~—CH===K!]/H---GHBi^

—

The addition of the first mole of halogen occurs at a rapid rate, the

second mole of halogen being added with diflSculty. Thus a-eleo-

stearic acid, which contains three conjugated double bonds, readily

adds two moles of bromine to form a tetrabromide, m.p. 115°,

which is quite resistant to further bromination.®*® The bromina-

tion proceeds in accordance with the theory of 1,4-addition, the

tetrabromide containing the group —CHBrCHBrCH:CHCHBr-
CHBr—. By subjecting this tetrabromide to a large excess of

bromine over a long period of time van Loon obtained a hexa-

bromide. Bauer and Rohrbach had previously obtained a solid

hexabromide, m.p. 139-141°, by the action of bromine on a-eleo-

stearic acid in the presence of ultraviolet light, and the debromina-

tion of this hexabromide gave /3-eleostearic acid, melting at 69-71°.

These findings confirmed the previous work of Boeseken and
associates ®®® upon the bromination of a-eleostearic acid. Previ-

ously, Nicolet ®®® had pointed out the non-identity of the tetra-

bromide obtained by the partial bromination of eleostearic acid

with that resulting from the bromination of linoleic acid. The
bromination of eleostearic acid has been reviewed by Merz,®®^

although this author’s treatment of the subject is weakened by
his belief that only four bromine atoms are added.
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HYDROHALOGENATION

By hydrohalogenation is meant the addition of a hydrogen

halide, HX, to an unsaturated carbon-to-carbon linkage. The
halogen may be chlorine, bromine, iodine, or fluorine. The order

of activity of the hydrogen halides is the reverse of that encoun-

tered in halogenation. Thus, hydrogen iodide is more readily

added than hydrogen bromide, which m turn is more active than

hydrogen chloride. The last of these, hydrogen chloride, adds

with great difficulty to the unsaturated acids, the reaction, if it

proceeds at all, requiring several days for completion.®®®- Hy-
drogen halides may be added to unsaturated acids in either the

presence or the absence of solvents.

When a hydrogen halide is added to an ethylenic bond of a fatty

acid or other compound, two isomeric monohalogen derivatives

result, thus:
R(CH2)*CH2CHX(CH2),,C02H

R(CHt)J2H—CH(CHi),iCX)iH + HX
^
\?>

R(CH2).CHXCH8(CH2)yC02H

The relative rates at which these reactions take place depend upon
several factors, such as the position of the double bond with

reference to the carboxyl group, the nature of the groups attached

to the double bond and, to a very appreciable extent, the environ-

mental conditions under which the reaction is conducted. The
earlier work upon this subject comprised many valuable observa-

tions and resulted in helpful generalizations; however, a recogni-

tion of the importance of the above factors and their interpretation

in the light of the electronic forces involved is a comparatively

recent accomplishment The most important of the earlier gen-

eralizations regarding the relative rates of addition reactions is

that proposed in 1870 by Markownikoff,®®^ who postulated that

when a hydrogen halide adds to an ethylenic bond the halogen adds

to the carbon atom which holds the fewer number of hydrogen

atoms. Thus, in the addition of hydrogen bromide to an ethylene

of the structure RCH==CH2,
the compound RCHBrCHs is formed

in preference to its isomer RCH2CH2Br. This rule applies to

additions other than HX, such as the addition of HHSO4 ,
HOCl,

and ICl. Attempts to explain the direction of addition on the
purely inductive effect of the R group, i.e., that RCH"*’=CHr
is more stable than RCH”=CH^, frequently ran into difficul-
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ties. The uncertainties were lai^ely occasioned by the fact that

earlier workers attempted to explain the relative rates of addition

strictly on the basis of the structure of the ethylenic acid without

regard to the external conditions of the reaction. The earlier

studies upon the hydrohalogenation of acids were limited

to the addition of hydrogen halide to the shorter-chain ethylenic

acids. In the case of the a~ or jS-unsaturated acids the halogen

was considered to add to the carbon atom farther from the car-

boxyl, whereas with the 7-unsaturated acids the reverse was en-

countered. With the higher molecular weight ethylenic acids it

was generally considered that the halogen adds to the carbon atom
farther from the carboxyl group. Thus, Brunner and also

Noerdlinger considered that the addition of hydrogen bromide

to 10-undecenoic acid or its esters yields the 11-bromo derivative.

The important work of Walker and Lumsden,®^® however, showed

that the direction of addition is largely dependent upon the solvent

employed, 11-bromoundecanoic acid, m.p. 51°, being obtained

when toluene is used as the solvent and the isomeric 10-bromo acid,

m p 35°, being formed in ether solution. Hydrobromination of

10-undecenoic acid in the absence of a solvent results in a mixture

of 10- and 11-bromoundecanoic acids. This discovery, therefore,

suggested that the solvent affects the relative rates of addition and
offered a partial explanation for the many controversial opinions

which had been expressed regarding addition reactions involving

the hydrogen halides

Before we discuss further the influence of molecular structure,

alkyl substitution, and solvents upon the hydrohalogenation of

unsaturated acids and their derivatives, it is necessary to consider

the electronic structure of these compounds, particularly as regards

the influence of molecular structure upon the apparent polarity

of the ethylenic linkage. In 1916, Lems showed that electronic

displacement can satisfactorily explain the effect of substitution

upon the relative strengths of organic acids Lucas and Jameson

have compared the electron-repelling ability of certain groups with

that of hydrogen and have pointed out that alkyl groups are more
positive than hydrogen whereas halogens and carboxyl groups are

more negative. Thus, in acrylic acid the carboxyl group exerts a

strong pull upon the electron pair as follows:

H H
H:C }C :C02H or CH2t~CH^-COaH

Thp Addition of hvdrogen iodide should lead, therefore, to the
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formation of CH2ICH2CO2H. Cuy has expressed the opinion

that the carbon atoms of an open chain exhibit alternate positive

and negative polarities and that the direction of addition of hy-

drogen halides to ethylenic bonds can be explained on this basis.

The observation,*^^ however, that the principal product of the

addition of HBr to 2-pentene is 3-bromopentane substantiates the

theory of the influence of electron displacement rather than that

of alternate polarities. The work of Ingold and collaborators *^*

lends further support to the electron-displacement theory.

The great attraction of hydrogen for electrons has been stated

to account for enolization *“ and for polarization of the carboxwl

group.**® In the latter group the following displacements occur;

(b) (a)

Allan and collaborators **® have contrasted R CO2H with

R' CO2H, R being an electron-repelling group and R' an

electron-attracting group. The R group in repelling electrons

competes with the OH group and thus inhibits process (a), whereas

the opposite is true of R' which attracts electrons. Thus R'C02H
is a stronger acid than RCO2H. In their study of the dissociation

constants of aliphatic acids in water, Ives, Linstead, and Riley **^

have represented the reaction as follows:

/
HsO RC,

\ H.O

b©
It was pointed out that the oleflns have almost negative polar

moments, since they contain no permanent dipole. If, however,

the ethylenic group is polarizable, there will be a latent source of

adjustment present in the molecule and the double bond will

polarize so as to present a positive face to the carboxyl group,

dissociation thus being increased as follows:

It was observed that the polar effect of the double bond is elimi-

nated when the bond is removed from the carboxyl by two or more
methylene groups, since the dissociation constants of the unsatu-

rated acids approach those of the corresponding saturated acids as

the double bond recedes from the carboxyl group. We thus have

a distinction between a permanent and a latent dipole as originally
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pointed out by Lapworth.*® The dissociation constant increases

tenfold when the double bond goes from the j5- to the a-position.

In studying the capacity of unsaturated acids for adjustment,

Linstead, Noble, and Boorman pointed out that it is possible to

anticipate the direction of addition of hydrogen bromide to olefinic

acids by the determination of their ionization constants. In a
comprehensive article appearing simultaneously,**^ such reactions

were investigated and the results interpreted on the basis of the

above principles. It was stated that the addition of hydrogen

bromide to an olefinic acid depends upon the external conditions

and also upon the alkyl substitution about the double bond but is

independent of the position of the double bond except in the case

of the a-unsaturated acids. The effect of solvents is quite pro-

found. When hydrocarbon solvents are employed, the bromine

of the hydrogen bromide adds to the more distant carbon atom
irrespective of the alkyl substitution, the orientation being directed

by the carboxyl group. This addition is similar to that observed

when hydrogen bromide is added to esters in the absence of sol-

vents. The double bond behaves independently of the carboxyl

group when the addition is performed without a solvent or in

ether, acetic acid, or water, under which conditions substitution

influences orientation in accordance with Markownikoff^s rule.

Thus, vinylacetic acid yields 3-bromobutync acid when treated

mth hydrogen bromide either in the absence of a solvent or in

water, ether, or acetic acid, thus:

CH2:CHCH2C02H -hHBr CH2CHBrCH2C02H

In toluene the reverse addition takes place, 4-bromobutyric acid

resulting as follows

:

CH2:CHCH2C02H +HBr CH2BrCH2CH2C02H

Esters of vinylacetic acid add hydrogen bromide according to the

latter reaction. It was emphasized that the addition of hydrogen

bromide is irreversible and not an equilibrium reaction, since the

elimination of the hydrogen bromide yields a lactone rather than

the original acid. In inert solvents the carboxyl group of an un-

saturated acid polarizes like an ester, thus:

The bromine thus adds to the more positive or the distant carbon

atom Orientation is influenced by a “field effect surrounding
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the molecule rather than by the effect of the carboxyl group trans-

mitted along the chain. This field effect is rendered negligible if

the acid is dissolved in polar solvents such as water or acetic acid.

Such views are in harmony with many of the physical measure-

ments which have been made upon solutions of the acids; however,

attempts to correlate them with the various dielectric effects and

internal pressures of the solvents have not been completely satis-

factory.

In 1933, Kharasch and Mayo,®^^ in studying the addition of

hydrogen bromide to allyl bromide, observed that in the absence

of oxygen or peroxides the reaction proceeds slowly with the

formation of 1,2-dibromopropane, whereas in the presence of

oxygen or peroxides 1,3-dibromopropane is rapidly formed. This

effect can be eliminated by the addition of antioxidants. A subse-

quent study ^ of this effect led to the conclusion that Markow-
nikoff's rule does not apply in the presence of peroxides, the speed

of the reaction RCH=CH2 + HX —> RCH2CH2X being much
greater than that of RCH=CH2 + HX RCHXCH3 if

peroxides are present. If, therefore, solvents have no effect upon

the direction of addition of hydrogen halides, except in so far as

they contribute to the peroxide effect, much of the earlier work

upon orientation is invalidated, particularly in those cases where

peroxides are liable to be present. For example, Smith ob-

served that the addition of hydrogen bromide to 10-undecenoic acid

in ligroin yields almost pure 11-bromoundepanoic acid; however, if

oxygen is removed by hydrogen or by the addition of diphenyl-

amine the 10-bromo acid is formed in predominant amounts, an

observation which is in agreement with the peroxide effect. Later,

Ashton and Smith *** reported that the addition of hydrogen bro-

mide to 10-imdecenoic acid in any solvent in the absence of air

yields 10-bromoundecanoic acid in accordance with Markow-
nikoff^s rule. However, in the presence of air the product varies

with the solvent. Additions without solvent or in hexane, ligroin,

ether, or acetic acid yield 10-bromoundecanoic acid, whereas addi-

tions in benzene or toluene yield the isomeric 11-bromo acid, show-

ing that those conditions which favor the peroxide effect lead to the

formation of the last-mentioned acid. In their study of the addi-

tion of hydrogen bromide to unsaturated acids, Gaubert, Linstead,

and Rydon obtained terminal bromo derivatives when the

reaction was conducted in hydrocarbons in the presence of air, and
non-terminal derivatives when antioxidants or no solvent was em-
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ployed. However, it was observed that terminal bromo deriva-

tives result when hexane or petroleum ether is used as the solvent

even in the presence of hydrogen or antioxidants. It has been

reported that reduced nickel has an effect similar to that of

oxygen in directing the addition of hydrogen bromide to 10-

imdecenoic acid. Diphenylamine only partially reduces the perox-

ide effect of reduced nickel, whereas both hydroquinone and

catechol completely destroy the effects of both reduced nickel and

oxygen.®*^ Ashton and Smith have reported that peroxides

influence the hydrohalogenation of terminally unsaturated esters,

both ethyl undecenoate and undecenyl acetate yielding the 11-

bromo derivatives when treated with hydrogen bromide in the

presence of air in ligroin or benzene, and the 10-bromo derivatives

in the presence of hydrogen or antioxidants in the same solvents.

It has been reported,®®® however, that the direction of addition of

hydrogen bromide to 9-undecenoic acid, CH3CH : CH(CH2)7C02H,
is independent of the presence of peroxides, indicating that only

the terminal bonds of ethylenic acids are susceptible to the perox-

ide effect. It has been claimed ®®^ that the addition of dry hydrogen

bromide to 1-pentene in an organic solvent gives the 1-bromo

derivative whereas the action of aqueous hydrogen bromide yields

the 2-bromo derivative exclusively, an effect which is attributed

to the difference in solvents rather than to the presence of perox-

ides. Linstead and Rydon®®® obtained 5-bromovaleric acid by
the addition of hydrogen bromide to allylacetic acid in the presence

of benzene and diphenylamine, an observation not in conformity

with the peroxide effect.

Since hydrogen bromide has been more extensively studied than

any of the other hydrogen halides, most of the above discussion

has been concerned with this reagent, upon the reasonable assump-

tion that it characterizes hydrogen halides. The action of hydrogen

fluoride with several of the ethylenic acids, such as undecenoic

acid, and with oleyl alcohol has been studied.®®® The heating of

oleic acid with dry hydrogen chloride for several hours under

pressure has been reported to yield a monochlorostearic add ®®^

which melts at 39-41 °. The action of hydrogen iodide on the

higher unsaturated acids has been studied by Erdmann.®®® Aque-

ous hydrogen iodide has been reported®®® to yield 3-iodostearic

acid, m.p. 60-61°, by addition to 2-oleic acid, and rieinoleic add

yields a diiodostearic acid when treated with hydrogen iodide.^

Abraham and Smith ®" obtained 11-chloroundecanoic acid by the
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action of hydrogen chloride on lO-undecenoic acid in the presence

of both reducing and oxidizing agents. Undecenoic acid and hy-

drogen iodide yield 10-iodoundecanoic acid even in the presence

of strong peroxide catalysts. From these observations it was con-

sidered that the direction of addition of hydrogen chloride or

iodide to terminally unsaturated acids differs from similar reac-

tions with hydrogen bromide in that it is apparently not influenced

by the presence of peroxides. This conclusion should be further

investigated.

Acetylenic acids add first one and then a second mole of hydro-

gen halide to yield the monohalo and dihalo acids respectively.

Stearolic acid was observed ^ to yield two isomeric acids, m p. 39°

and 23-24°, upon the addition of one mole of hydrogen iodide. It

was assiuned that the hydrogen iodide added trans and that the

products are 9- and 10-iodo-<mns-9-octadecenoic acids. The addi-

tion of two moles of hydrogen iodide gives two isomeric diiodo-

stearic acids. The same acids were obtained by the addition of

a second mole of hydrogen iodide to the monoiodo acids described

above. Harris and Smith ^ reported that the addition of hydrogen

bromide to 10-undecynoic acid yields mainly 11-bromoundecenoic

acid when the reaction is carried out in benzene and that the rate

of addition is influenced by the presence of catalysts. Hydrogen
fluoride adds to stearolic acid in the presence of inert solvents to

give 9,10-difluorostearic acid melting at 70-74°.®^^

ADDITIONS INVOLVING HYPOHALOUS ACIDS

Hypochlorous acid and its bromine and iodine counterparts add
directly to the ethylenic bonds of the unsaturated acids to form

the corresponding halohydrins, thus:

—CH=CH~ + HOX — —CH—CH—
Ah i

Such reactions resemble hydrohalogenations in that the hypohalous

acid apparently functions as HO"*" X“, and the direction of addi-

tion to an ethylenic bond is therefore subject to the same consider-

ations as additions involving hydrogen halides. When treated

with aqueous or alcoholic alkalies the halohydrin is converted to

an epoxide, the hydrolysis of which yields a dihydroxy acid, thus:

—CH—CH— NaOH —CH^ CH— H2O —

—

in i
^

^
<!)h in
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The mechanism of the addition of hypophalous acids to, and their

removal from, ethylenic bonds provides a somewhat controversial

subject, and the stereochemical relationships which exist between

these products have long been of interest.

In the initial work of Albitzkii ^ upon this subject it was
reported that the chlorohydrin from oleic acid is an oil, and that

from elaidic acid is a solid which melts at 44-45°. Treatment of

these chlorohydrins with alkali and subsequent hydration of the

epoxide yield a low-melting dihydroxystearic acid from oleic acid

and a higher-melting dihydroxystearic acid from elaidic acid. The
action of silver oxide on the oleic acid epoxide, however, yields the

high-melting dihydroxy acid. Nicolet and Poulter confirmed

this previous work and obtained epoxides from both oleic and

elaidic acids, each of which melted at 53.8° (mixed m p. 45-47°).

The acid hydrolysis of these epoxides was stated to yield chloro-

hydrins from which the original epoxides could be obtained by
treatment with alkali. Differences in the physical properties, how-

ever, led to the assumption that the chlorohydrins obtained in this

manner are the 9-hydroxy-lO-chloro acids, whereas those resulting

from the direct addition are the lO-hydroxy-9-chloro compounds.

It has recently been observed that the melting points of the

epoxides obtained from the chlorohydrins prepared by the direct

addition of hypochlorous acid to oleic and elaidic acids are prac-

tically the same, being 55-56° and 56-57°, respectively, although

mixtures show a melting point depression of 8° to 10°. Hydrolysis

of oleic epoxide yields a dihydroxystearic acid which melts at 95°,

but hydrolysis of elaidic epoxide yields an isomeric acid melting

at 132°. Erucic and brassidic acids when treated similarly

also give a low- and a high-melting dihydroxybehem'c acid.

Hashi has stated that the addition of hypochlorous acid to oleic

acid, or of hydrogen chloride to its epoxide, yields a chlorohydrin

melting at 38-38.3°, whereas the addition of hydrogen chloride to

oxidoelaidic acid gives two chlorohydrins (m.p. 49.5-51.0° and
68-69.5°). The opinion has frequently been expressed that

inversion occurs during the opening of an oxido ring. The recent

work of King in support of this viewpoint and the contrary

opinion of Atherton and Hilditch have been discussed previously.

The action of hypobromous acid on oleic and elaidic acids,

followed by the removal of hydrogen bromide and subsequent

hydration of the resulting product, has been reported to yield

low- and high-melting dihydroxystearic acids, respectively. The
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yield of bromohydrin from oleic acid is increased when the tem-

perature is raised to 90°. Esafov has studied the reaction of

hypoiodous acid on oleic and elaidic acids and has advanced certain

views relative to the isomeric changes which accompany the reac-

tion. The reactions involved in the addition of aqueous hydrogen

iodide to unsaturated acids have been investigated.®®®'®®^ It is of

interest to note that the formation of hydroxy acids by the treat-

ment of unsaturated acids with hypochlorous acid in the presence

of alkalies is the subject of early patents.®®®

Nicolet and Poulter ®^^ have prepared several of the alkyl esters

of oleic and elaidic acid epoxides and have also investigated the

pyrolytic decomposition of oleic and elaidic acid chlorohydrins.

This decomposition was reported to involve three main reactions,

as follows: (1) hydroxy ester formation, (2) unsaturated hydroxy

add formation, and (3) rearrangement into ketostearic acids.

The addition of nitrosyl chloride and nitrosyl bromide to ethyl-

enic acids to yield acids containing the group —CHX—CHNO

—

was originally investigated by Tilden and Forster ®®® and has

recently been studied ®®^ ^vith the view of using this addition as a

means of differentiating between unsaturated acids The method,

however, was considered to be unsatisfactory for this purpose.

DEHALOGENATION AND DEHYDROHALOGENATION

In the preceding discussion the addition and substitution of

halogens and the addition of hydrogen halides have been considered

in some detail. The removal of halogen from halo derivatives may
be accomplished either by reduction, by removal as hydrogen

halide, or by substitution, such as the replacement of the halogen

by a hydroxyl or an amino group. Reductions and dehydrohalo-

genations yield unsaturated products, whereas substitution reac-

tions can result in the preparation of a large number of fatty acid

derivatives. It is quite apparent that, by the introduction of

halogen and its subsequent substitution, many fatty acid deriva-

tives can be prepared which would be quite difficult to S3mthesize

by a direct procedure. Thus, halogenation may be considered as

a means of attack upon the alkyl or alkylene chains, the products

of which can serve as intermediates for the preparation of a wide

variety of compounds. Certain comments regarding the reactions

involved during halogen removal should be made before this sub-

ject is further considered. Althou^ it is true that such reactions
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may be broadly considered as constituting reactions of reduction,

dehydrohalogenation, or substitution, clear-cut demarkations be-

tween these various reactions actually do not exist. This is occa-

sioned by the fact that substitution reactions are frequently ac-

companied by hydrogen halide removal, and the latter reaction

generally involves or is attended by substitution. The type of

product, therefore, which is obtained by dehydrohalogenation is

frequently dependent upon the structure of the halo acid. Thus,

when monohalo acids are subjected to the action of aqueous or

alcoholic alkaline hydroxides, the reaction may essentially result

in the formation of hydroxy acids or lactones, or hydrogen halide

may be removed with the formation of unsaturated acids. These

two reactions may proceed simultaneously, so that the reaction

product is frequently a mixture of hydroxy acids and imsaturated

acids. The position of the halogen atom with reference to the

carboxyl group is quite important in determining which product

will be obtained. With the a-halo acids substitution reactions

predominate, whereas the jS-halo acids generally yield imsaturated

acids and the 7-halo acids yield lactones. When the halogen is

remote from the carboxyl group, unsaturated acids generally form

the major portion of the product. Irrespective of the position of

the halogen atom, the product obtained either by dehydrohalo-

genation or by substitution is generally a mixture in which one

product predominates. In the following discussion of halogen

removal, the reader should, therefore, bear in mind that reactions

of substitution and dehydrohalogenation can occur simultaneously

and that low yields of a desired product often result because of

this fact.

Nascent hydrogen reduces the monohah) acids to saturated

acids; for example, monobromostearic acid is reduced to stearic

acid by the action of zinc and water at high temperatures.®®*

Fokin has confirmed this reaction for the monobromo acids;

however, when monochloro acids are similarly treated some ethyl-

enic acids are formed together with the saturated acids. Monohalo

ethylenic acids in which the halogen is attached to one of the

double-bonded carbon atoms are reduced by zinc and acetic acid

to ethylenic acids. For example, the reduction of either 9- or

lO-iodo-9-octadecenoic acid with zinc and acetic acid yields

9-octadecenoic acid. When polyhalo acids or their derivatives are

reduced, the resulting products are dependent not only upon the

position of the halogens with reference to the carboxyl group but
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also upon their position in relation to each other. Products gen-

erally obtained from dihalo acids which contain the halogens upon
adjacent carbon atoms are quite different from those in which

the carbon atoms are separated by intervening methylene groups.

Thus the reduction of 9,10-dibromostearic acid with zinc and

acetic acid will yield oleic acid as the major product, whereas a

similar treatment of 9,12-dibromostearic acid results in stearic

acid. RoUet observed that the reduction of the a-hexabromide

obtained by the bromination of linolenic acid yields the original

linolenic acid. This method has since been employed for the

separation and purification of unsaturated acids, since the inter-

mediate polybromides possess widely different solubilities in cer-

tain organic solvents.^*®* ^ A very pertinent observar

tion Avith reference to this reduction is that the addition and re-

moval of halogen by active hydrogen apparently leaves the double

bond in its original position. The halogenation and dehalogenation

of unsaturated acids may be accompanied by various stereochem-

ical changes which have previously been discussed.

Alcoholic solutions of potassium hydroxide or of other alkali

metal hydroxides remove hydrogen halide from both mono- and

polyhalo acids ^vith the attending formation of unsaturated acids.

It was previously pointed out that the products resulting from the

action of active hydrogen on the halo acids are determined by the

relative positions of the halogens in the alkyl chain, and the same

comment applies to dehydrohalogenations with alkalies. The
simplest case of dehydrohalogenation involves the removal of

hydrogen halide from a monohalo acid. a-Halo acids react with

alcoholic potassium hydroxide to yield 2-ethylenic acids; thus,

2-bromostearic acid jrields essentially 2-octadecenoic acid when
treated with this reagent.*®^ In a similar manner, the removal of

hydrogen halide from co-halo acids results primarily in the forma-

tion of co-unsaturated acids. If the halogen is attached to an

intermediate carbon atom, however, it is evident that the hydrogen

may be obtained from either of the adjacent carbon atoms, so that

two isomeric monoethylenic acids are theoretically possible. In

generalizing upon the removal of halogen from monohalo com-

pounds, Olivier has stated that the elimination takes place so

that the hydrogen atom attached to the carbon atom holding the

more negative groups reacts preferentially. The addition and

removal of a hydrogen halide has frequently been employed for

the preparation of isomeric octadecenoic acids. It has been re-
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ported that the addition of hydrogen chloride to oleic acid

Followed by its removal with nickel carbonate yields 10-octadece-

aoic acid, whereas 6-octadecenoic acid under similar conditions

3delds 7-octadecenoic acid, the double bond being shifted towards

the methyl group in both cases. The removal of hydrogen iodide

from 3-iodostearic acid forms 3-octadecenoic acid.*® Amaud and

Postemak have reported that the addition of hydrogen iodide

to oleic acid and its removal by alcoholic potassium hydroxide

yield a mixture of acids containing oleic acid, trans-^ and -S-octa-

decenoic acids, and some hydroxystearic acid. The action of

alcoholic potassium hydroxide on 12-bromostearic acid gives a

mixture of 11- and 12-octadecenoic acids melting at 6-8° and

34-36°, respectively.^^ The diiodostearic acid prepared from

ricinoleic acid yields 9,11-octadecadienoic acid upon treatment

with alkali,*" thus illustrating the tendency to form conjugated

systems under these conditions.

Hydrogen halide is removed from polyhalo acids by treatment

with either alcoholic or strong aqueous alkaline solutions, with

the formation of either polyethylenic acids or acetylenic acids de-

pending upon the relative positions of the halogen atoms. WTien

the halogens are on adjacent carbon atoms dehydrohalogenation

with alkalies yields acetylenic acids. Overbeck *** obtained stea-

rolic acid from 9,10-dibromostearic acid by reaction with alcoholic

potassium hydroxide, the reaction being confirmed many years

later by Quensell.*** Behenolic acid is obtained from erucic acid

dibromide by a similar procedure. The preparation of 10-

undecynoic acid by the removal of hydrogen bromide from 10,11-

dibromoundecanoic acid has been studied by Krafft.*^^ xhe bro-

mination of an ethylenic acid followed by dehydrobromination

with alkalies to form an acetylenic acid is not accompanied by a

shift in position of the unsaturated linkage.*^* Ricinstearolic acid,

which melts at 51°, has been prepared by the action of alkalies on

the 9,10-dibromide of ricinoleic acid.®^*’”*'®^® The addition of

hydrogen iodide to stearolic acid yields, among other products,

two isomeric diiodostearic acids; namely, 9,9-diiodo- and 10,10-

diiodostearic acids. ®^® The dehydroiodination of these acids by
alcoholic alkali has been reported to yield 8-stearolic acid, m.p.

47.5°, and lO-stearolic acid, m.p. 47°. Treatment of the diiodo

acids prepared from 6- and 8-stearolic acids by a similar procedure

has been stated ®^ to give 5- and 7-stearolic acids. The dehydro-

bromination of mono- and dibromohydrocarbons has been exten-
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sively studied by Bachman,®^* as has also the dehydrobrominatioi

of 2,3-dibromo- aud 2,2,3-tribFomoaliphatic acids. Inoue anc

Suzuki have claimed that the action of alcoholic potassiun

hydroxide on 9,10-dibromostearic acids yields a mixture of acidi

in which stearolic acid is one of the components. The productioi

of acetylenic acids by halogenation followed by dehydrohalogena

tion has been patented.*®®*®*^

The removal of hydrogen halides from polyhalo acids in whicl

the halogens are not upon adjacent carbon atoms yields poly

ethylenic acids. Thus, the dehydrohalogenation of 9,12-dibromo

stearic acid yields a mixture of isomeric dienoic acids. The halo

genation of both saturated and unsaturated acids followed bi

removal of the halogen as hydrogen halide is often proposed as i

method for the preparation of unsaturated acids. It has beei

claimed that the dehydrobromination of the tetrabromide fron

linoleic acid gives a mixture of octadecatetraenoic acids.

It has previously been pointed out that the substitution o

halogen by other groups is a quite common reaction for the prepa

ration of fatty acid derivatives. Substitution reactions involving

a-halo acids are frequently encoimtered, the halogen being easily

replaceable by other groups. For example, the use of moist silve

oxide for the preparation of a-hydroxy acids from a-halo acids is i

well-known reaction,®*® the replacement of halogen being mon
difficult with the ce-chloro than with the a-bromo or a-iodo acids

a-Hydroxy acids result from the action of aqueous potassiun

hydroxide on a-halo acids,®*^ ®*^ and this reaction has been stated ®*

to be adaptable to the preparation of other hydroxy acids. Th(

substitution of hydroxyl for halogen probably proceeds with th(

initial formation of a lactone if the carbon atom to which the halo

gen is attached is removed by at least one methylene group fron

the carboxyl. The lactone is generally hydrolyzed under the reac

tion conditions to yield the hydroxy acid, although in some in

stances the lactone can be isolated. The lactone can frequently

be isolated when oj-halo acids are subjected to this treatment.®*

Since such substitution reactions take place in a highly alkaline

medium in which the reactants are quite soluble, the yield o]

hydroxy acids is often quite low owing to the tendency to remove

hydrogen halide and form ethylenic acids. For example, low yieldi

of hydroxy acids were obtained by Robinet ®*^ in his studies of the

action of potassium hydroxide on the halogenated derivatives a
palmitic acid. The action of alcoholic potassium hydroxide oi
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o-halo acids generally results in a mixture of a-unsaturated acids

and a-hydroxy acids, whereas aqueous alkaline hydroxides favor

the formation of a-hydroxy acids. Thus, the 2-hydroxystearic acid

which was prepared by Hell and Sadomsky by the action of

alcoholic potassium hydroxide on 2-bromostearic acid was probably

contaminated with 2-octadecenoic acid. Le Sueur has prepared

a number of a-hydroxy acids from a-bromo acids by the action of

aqueous potassium hydroxide, the melting points of the a-bromo

acids used and of the a-hydroxy acids obtained being as follows:

tridecanoic, 30.5°, 78°; myristic, 41.5-42 5°, 81.5-82°; penta-

decanoic, 42.5°, 84.5°; palmitic, 51.5-52°, 86 5-87°; margaric,

52.5°, 89°; and stearic, 60-61°, 91-92°. 2-Bromolauric acid, m.p.

30-31.5°,®®® yields 2-hydroxylauric acid melting at 73-74° when
similarly treated.®®® Several of the higher molecular weight a-

hydroxy acids have been prepared by this procedure, an example

being 2-hydroxylignoceric acid obtained from 2-iodolignoceric

acid.®®^ Marie ®®^ has obtained 2-hydroxycerotic acid by the action

of lead acetate on 2-bromocerotic acid followed by saponification

of the resulting 2-acetylcerotic acid. 2-Bromosuberic acid and

2-bromosebacic acid yield the corresponding 2-hydroxy acids when
boiled with alkali hydroxide solutions.®®^ Dihydroxy acids have

been prepared by the action of moist silver oxide on a,
a
'-dihalo

dicarboxylic acids; thus, 2,9-dibromosebacic acid yields 2,9-dihy-

droxysebacic acid, m.p. 125-127°.®®®’®®^ The substitution of

hydroxyl for halogen has frequently been suggested as a means of

preparing hydroxy acids other than a-hydroxy acids, and the

synthesis of polyhydroxy acids by the action of alkalies on polyhalo

acids has been proposed.®®® In view of the foregoing considerations

it is believed that such products must contain large amounts of

unsaturated acids.

The removal of halogen from a-halo acids by the use of metallic

silver yields s2/m-dialkylsuccinic acids, the reaction proceeding as

follows:

CO2H CO2H

HC^X '2Ag X—CH
i k

Jones ®®® obtained two isomeric ditetradecylsuccinic acids by the

action of silver upon 2-bromo- and 2-iodopalmitic acids, one of

which, m.p. 135-136°, was considered to be the meso form and the

other, m.p. 95-96°, the racemic modification. The treatment of
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alkyl chlorides with silver salts of the higher fatty acids yieldi

fatty acid esters of alcohols corresponding to the alkyl halides, thus

RX AgOOCR'

Dodecyl stearate has been prepared ^ from dodecyl bromide an(

silver stearate by this method. The pyrolysis of the dodecy

stearate gives 1-dodecene and stearic acid, thus forming an ethyl

ene corresponding to the alkyl halide. Asinger concluded fron

his study of this reaction that if two methylene groups are adjacen

to the carbon atom carrying the halogen, two isomeric olefins an

obtained in equivalent amounts; however, if the carbon atom i,

adjacent to a methyl and a methylene group, the greater reactivity

of the methylenic hydrogen leads to the predominant formatioi

of one isomer over the other.

The reaction of a-halo acids with alcoholic solutions of ammonh
or amines results in the formation of the corresponding amine

acids. Hell and coworkers®®®’®®® have prepared several a-amin<

acids by this procedure, examples being 2>aminostearic acid, m.p
221-222°, 2-aminopalmitic acid, and 2-aminomyristic acid, m.p
253°. The preparation of 2-aminocaproic acid^ and 2-amino

cerotic acid ®*^ has also been described. High yields of 2-aminoca

proic acid have been obtained from 2-bromocaproic acid."^ Thii

reaction, however, has not been entirely satisfactory for th<

preparation of higher amino fatty acids other than the a-amin(

acids. The reaction of a-halo acids with amines such as dimethyl

amine has been patented,^ and it has been claimed ^® that wetting

agents are obtained by the action of ammonia on polychlorinatec

fatty acids such as hexachlorostearic acid. The a-halo acids reac

with aniline to yield the corresponding a-anilino acids, 2-anilino

myristic, -palmitic, and -stearic acids having been prepared in thii

manner.®®®*®®® The action of monopotassium anilide on diiodo

ricinoleic acid and 9,10-diiodostearic acid has been investigated,^

and it was observed that one mole of the anilide replaced both th<

iodine atoms with the formation of an anilido derivative containing

—CH—CH—
the group \ / . The action of ethylolamines with a-hak

NCeHs
acids has recently been studied.®’®*^

The halo acids react with phenol in the presence of potassiun

chloride,®®* the primary reaction product being a phenoxy deriva

tive, as follows:
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CHsCCHjOyCHBrCHBrCCHjOTCOaK + 2C6H5OK

CH3(CH2)7CH(C6H50)CH(C6H60)(CH2)7C02K + 2KBr

Subsequent reactions led to the formation of several condensation

and degradation products^ one of which is

C6H60CH(CH2)7C02K

C»H60(!)H(CH*)7C0sK

The replacement of halogen by a cyano group may be accom-

plished by the action of alkali cyanides on the halo acids. Thus,

2-bromopalmitic acid yields 2-cyanopalmitic acid when treated

with potassium cyanide. The hydrolysis of 2-cyanopalmitic acid

yields tetradecylmalonic acid Tetracarboxylic acids can be

prepared from the a,
a
'-dihalo dicarboxyhc acids by conversion to

the corresponding dicyano derivatives followed by hydrolysis.

Diethyl malonate is reactive with the halo acids; for example,

2-methylundecanedioic acid has been prepared from 9-bromo-

pelargonic acid by the use of diethyl methylmalonate.^

Various sulfur derivatives of the higher fatty acids have been

prepared from the halo acids; for example, 2-bromostearic acid

and sodium hydrosulfide in alcohol yield 2-mercaptostearic acid.

Oxidation of these mercapto acids yields the corresponding sul-

fonic acids, and the removal of hydrogen sulfide from two molecules

of the mercapto acids gives sulfodicarboxylic acids. The action

of water-soluble sulfites on the halo acids has been claimed ^ to

yield high molecular weight sulfo derivatives.

ADDITIONS INVOLVING SULFUR COMPOUNDS

The action of sulfur, sulfuric acid, chlorosulfonic acid, sulfur

monochloride, and other sulfur-containing compounds with the

fatty acids and their derivatives has been the subject of many
investigations. The action of concentrated sulfuric acid on the

ethylenic acids or the hydroxy acids is one of the most important

and generally used reactions involving sulfur compounds and the

fatty acids. In the former case there are obtained sulfuric addition

compounds which can be easily hydrolyzed to yield saturated

hydroxy acids, and this reaction is frequently employed for the

preparation of such acids. The unsaturated hydroxy acids, such

as ricinoleic acid, 3deld both esterification and addition products

upon treatment with sulfuric acid. The reaction of sulfuric acid
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with castor oil yields ^‘Turkey-red oil/’ a substance which i

widely employed as an emulsif3dng agent.

The saturated acids, such as palmitic acid, dissolve in concen

trated sulfuric acid without change, the original acid being ob

tained upon diluting the solution with water. The formation c

addition products between the saturated acids and sulfuric acid

however, has been postulated.^®*^
The ethylenic bonds of unsaturated acids readily add sulfuri

acid with the formation of the corresponding hydrogen sulfates
+ —

In such reactions the acid may be assumed to add as H HSO4 ,
th

direction of addition being subject to Markowmkoff’s rule am
various other considerations previously discussed. Hydrolysis c

the resulting sulfunc addition products results in the formation c

hydroxy acids and lactones together with secondary products

Sulfuric additions are best accomplished at low temperatures (0

15°), the reaction mixture then being diluted by the addition c

ice and the product purified by conversion to the sodium or potag

sium salt. The sulfuric esters are then obtained by the acidifies

tion of these salts. Hydrolysis to hydroxy acids is accomplishe

by boiling with water or with alkaline solutions.

In one of the earlier studies concerning the action of sulfuric aci

on oleic acid, Geitel obtained an addition product the hydrolysi

of which yielded a hydroxystearic acid, together with a lacton

which gave a hydroxystearic acid upon treatment with alkalin

hydroxides followed by acidification. Since he considered olei

acid to be 2-octadecenoic acid, however, his conclusions wit

reference to the resulting products were erroneous. The formatio

of both hydroxystearic acid and its lactone by this treatment wa
also observed by Sabainev,^^^ and more recent studies have bee

made upon the formation of stearolactone from the addition proc

uct of oleic and sulfuric acids. In reactions involving the additio

of sulfuric acid to ethylenic acids followed by hydrolysis of th

product with the ultimate formation of saturated hydroxy acid

it has rather generally been assumed that the hydroxyl grou

attaches itself to that carbon atom of the double bond which

farther removed from the carboxyl group. For example, Tschei

novorowa^^® considered the hydroxystearic acid formed from (

octadecenoic acid (petroselinic acid) to be 7-hydroxystearic aci(

However, Grtin and Janko considered the acid obtained froi

eruc»c acid to \>e either or lA-hydroxybehenic acid, and mo
recently it has been shown that the dehvdration of the hvdroy
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stearic acid, m.p. 76®, obtained by the hydrolysis of the sulfuric

addition product of oleic acid yields 8-, 9-, and KKoctadecenoic

acids, thus indicating that both 9- and 10-hydroxystearic acids are

present.

Chlorosulfonic acid can function either as an acid chloride or

as an acid. In the former case its reaction wdth an ethylenic bond

results in the addition of a chlorine atom and a sulfonic acid group

to adjacent carbon atoms, whereas in the latter case a chlorosulfate

is formed. Hydrolysis of the chlorosulfonic acid yields a hydroxy-

sulfonic acid, and hydrolysis of the chlorosulfate 3delds a hydroxy

compound. The latter type of reaction is apparently the one

more commonly encountered %vith the ethylenic acids, although

the action of chlorosulfonic acid on unsaturated acids presents a

somewhat controversial subject. Bauer and Stockhausen have

stated that, when 10-undecenoic acid is treated wdth chlorosulfonic

acid and the product is hydrolyzed, there is obtained a mixture of

10-hydroxy-l 1-sulfo- and 1l-hydroxy-lO-sulfoundecanoic acids,

which melt at 208-209° and 186-187°, respectively. In a subse-

quent investigation of the action of chlorosulfonic acid on oleic

acid, Pomeranz denies the formation of chlorosulfonic deriva-

tives with the unsaturated acids, claiming that the addition of

chlorosulfonic acid proceeds in a manner similar to that of con-

centrated sulfuric acid.

The saturated hydroxy acids yield sulfuric esters when treated

mth either sulfuric acid or chlorosulfonic acid; 10-hydroxystearic

acid and 12-hydroxystearic acid,^^® for example, yielding the

respective sulfates when treated mth chlorosulfonic acid. Ether

is usually employed as the solvent in this reaction.

There are several chemical reactions of the fats whose products,

because of their wide utility and use over a period of years, merit

special consideration. The action of sulfuric acid on castor oil,

which yields the so-called Turkey-red oils widely used in dyeing and

emulsification, is an example of such a reaction. Although the

original Turkey-red oils were prepared from oleic acid,^ these

have largely been superseded by those obtained from castor oil.

Because of this fact the action of sulfur acids on ricinoleic acid

assumes a somewhat unusual significance. Concentrated sulfuric

add reacts energetically with ridnoleic acid, the primary reaction

being a sulfation of the hydroxyl group."®* Simultaneous or

subsequent reactions involve not only tbe sulfation of the ethylenic

bond but also the formation of lactones and /actides, and possibly
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dehydrations and various esterifications, these last yielding poly-

ricinoleic acids. The final reaction product is consequently com-

plex and its composition is quite dependent upon the conditions

employed for its preparation. In 1894, Juillard^® claimed the

isolation of the following substances from the product of the action

of sulfuric acid on ricinoleic acid: the sulfuric ester, HOSO2OC17-
H32CO2H; the hydroxysulfuric ester, (H0S020)(0H)Ci7H33-
CO2H; a dibasic acid, 0(Ci7H32C02H)2; a diricinoleic acid,

HOC17H32CO2C17H32CO2H; a dihydroxystearic acid; isoricinoleic

acid, C18H34O3; and an acid having the formula C36H70O7. Wol-

denberg observed that the free ricinoleic acid decreases gradually

when treated with an equal amount of sulfuric acid. Chonowsky
has postulated that the main product of the reaction comprises

two isomeric glycidic acids, the formulas of which were consideied

to be

CH8(CH2)5CHCH2CHCH2(CH2)7C02H and

CH8(CH2)6CHCH2CH2CH(CH2)7C02H
' O «

It was assumed that the primary products from which these acids

are derived are the corresponding sulfates containing the groups

CH2
\—CH CH-

^oso,^

CHjCH*

and —C.4 CH—

OSOa

Although such acids are probably formed, Grun has stated that

many other substances are also present in the reaction mixture.

The products which have been reported to be formed by the action

of concentrated sulfunc acid on ricinoleic acid have been compiled

by Rassow,^® the list including saturated and unsaturated lactones

and lactides, glycidic acids, polyricinoleic acids, and other products.

Grun ^ has reported that concentrated sulfuric acid and ricinoleic

acid yield a mixture of sulfuric esters, the hydrolysis of which

yields 12.6% ricinoleic acid, 6.4% of a dihydroxystearic acid melt-

ing at 67-69°, and 81% of a dihydroxystearic acid ester,

Ci7H33(0H)2C02Ci7H33(0H)C02H. Alcoholic potassium hy-

droxide converts the latter compound into the above-mentioned

dihydroxy acid. Fractional crystallization of the dihydroxy acids

gave dl-9,12-dihydroxystearic acid, m.p. 69.5°; d-9,12-dihydroxy-

stearic acid, m.p. 90°; a dihydroxystearic acid, m.p. 108°; and an
acid which melted at 120°. The acid which melted at 69.5° is
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probably a racemic mixture. Ricinoleic acid is dehydrate4 to a
mixture of octadecenoic acids when heated in the presence of small

amounts of sulfuric acid.^**^-^“***^ Etherification is the predomi-

nant reaction when ricinoleic acid is treated with formaldehyde and
sulfuric acid.^®*

Ricinoleic acid when treated with chlorosulfonic acid first yields

a sulfuric ester with the liberation of hydrogen chloride. Hydroly-

sis of this product gives substantial quantities of the ricinoleic

ester of ricinoleic acid,^** the further heating of which yields the

lactide

0 CO

C17H32 C17H1*

^co

It has been suggested by Pomeranz^®^ that chlorosulfonic acid

functions towards ricinoleic acid as a sulfonating agent and that

hydrolysis of the reaction product yields a hydroxy sulfonic acid

1 I

containing the group (H0)CHCH(S03H).
When acetylenic acids are treated with concentrated sulfuric

acid and the product is hydrolyzed, saturated keto acids are ob-

tained. The reaction can be represented as a sulfonation of the

triple bond to form the ethylenic sulfate, the hydrolysis of which

yields the ethylenic hydroxy acid which rearranges to the saturated

keto acid, as follows:

H2SO4 H2O—CiC -A —C(0S08H):CH -> —COH:CH > —COCHjr-
It is generally assumed that the keto group involves the carbon

atom of the original ethylenic bond which is remote from the

carboxyl. Baruch obtained 10-ketostearic and 14-ketobehenic

acids from stearolic and behenolic acids, respectively, by this pro-

cedure. Treatment of the resulting keto acids with hydroxylamine

hydrochloride yields two stereoisomeric oximes in each case, the

products of hydrolysis of which are employed for the determination

of the original position of the unsaturated linkage.

A very voluminous patent literature has been built around the

sulfonation and sulfation of hydroxy and ethylenic fats and fatty

acids or their derivatives. Many of the advances in the science

and technology of sulfonation and sulfation have been recorded in

this literature, and its importance demands at least a brief con-

•sideration. These patents pertain not only to the agents employed
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for sulfonation and to the conditions of their use, such as solvent,

temperature, and pressure, but also to the various means of purify-

ing the reaction products obtained. The action of sulfonating

agents, such as sulfur trioxide, on hydroxy acids and unsaturated

acids in the presence of pyridiiie and other organic bases has been

disclosed,^*®* and it has been claimed that the presence of

organic bases minimizes side reactions. Sulfonation can be ac-

complished by the use of organic derivatives of sulfuric acid such as

BUHSO4 or Me2S04 in the presence of various condensing agents

such as POCI3 or AlCla.^®* A large number of anhydrous organic

solvents have been proposed as modifying agents for the sulfona-

tion process. This list includes low molecular weight acids, their

anhydrides or chlorides,^®®* halogenated unsaturated hydro-

carbons such as trichloroethylene,^® mineral oils and ketones,

and inert diluents.^® The use of liquid sulfur dioxide
;
^ of chlorides

such as silicon chlorides, COCI2, SOCI2, SO2CI2, and BCls;^^ and

of phosphorus compoimds such as PCI3 and H3PO3 has also

been disclosed. Sulfonation has been effected by agents such as

SO3 or fuming sulfuric acid at elevated temperatures (100°) in

the presence of diluents such as nitrobenzene or carbon tetra-

chloride and of catalysts such as P205.^® Hydroxy acids have been

sulfonated by treatment with gaseous sulfur trioxide in the presence

of inert chlorinated solvents,^®® and sulfonation of fatty substances

wdth a fine mist of fuming sulfuric acid has been accomplished.^®^

Randel ^®® has proposed a process whereby fatty substances are

sulfonated under reduced pressure, a volatile hydrocarbon solvent

being added to exert a cooling effect. Frequently, sulfonation and

condensation reactions are conducted simultaneously, an example

being the preparation of the so-called Twitchell reagents,^®® ob-

tained by sulfonating mixtures of imsaturated acids and aromatic

hydrocarbons. Similar products are obtained by the sulfonation

of the condensation products of oleic acid or its glycerides and

benzyl chloride,^®^ or of the condensation product of hydroxy fatty

acids and sulfonated fatty acids.^®® The sulfonation of polymerized

hydroxy acids,^®® of chlorinated fatty acids,^®^ and of halogenated

hydroxy acids such as hydroxydiiodostearic acid ^®® has been de-

scribed. Sulfonic acids can be prepared by treating a-halo acidj>

with alkyl sulfites,^®® or by simultaneously causing these acids 01

their derivatives to react with a sulfite and an oxidizing agent ^

The preparation of esters of sulfonated fatty acids has been dis

closed."'
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The various methods which have been proposed for purifying

sulfonated fatty materials include their solution in an organic

solvent followed by precipitation as inorganic salts,^ washing

Avith water and centrifugation,"* neutralization with inorganic

bases or alkaline salts,"^ purification through their calcium salts,"*

separation by means of aqueous alcohol,"* and salting out."^

The unsaturated fatty acids react vigorously wth sulfur mono-
chloride, the reaction product containing both sulfur and chlorine

and evidently being formed by a simple addition to the unsaturated

linkage."* In a study of this reaction, Harvey and Schuette

have observed that both addition and substitution reactions occur

simultaneously.

The saturated acids are resistant to the action of sulfur even at

moderately elevated temperatures (130°).'*™ Unsaturated acids,

on the other hand, are quite reactive towards sulfur at these

temperatures, the sulfur adding to the unsaturated bonds without

a marked evolution of hydrogen sulfide. The sulfunzed acids are

stable at ordinary and slightly elevated temperatures, although

hydrogen sulfide is eliminated at higher temperatures (150-200°).

Mixtures of the sulfur or sulfur monochloride addition products of

the unsaturated fats with mineral oils have been extensively used

in high-pressure lubricating compositions.

The polyhalogenated acids are reactive towards solutions of

alkali metal sulfides or polysulfides, the halogens being replaced

by mercapto and hydroxyl groups and the reaction being attended

by an increase in unsaturation The oxidation of these products

has been claimed to 3deld disulfides and finally sulfonic acids.**™

The preparation of substances useful as protective colloids, by the

action of aqueous alkaline sulfate solutions on halogenated fatty

acids, has been described."^

Thiocyanic acid adds directly to the double bonds of ethylenic

acids to form thiocyanate derivatives. The fact that only one

double bond in linoleic acid and two in linolemc acid are reactive

with this reagent has been made the basis of an analytical pro-

cedure which has been discussed previously. It has recently been

observed that this generalization regarding the reactivity of

unsaturated acids towards cyanogen is not strictly correct. Kauf-

mann '*^* has succeeded in isolating the thiocyanogen derivatives

of several ethylenic acids, and has reported that the 9,10-dithio-

cyanostearic acid from elaidic acid is a solid, whereas those ob-

tained from oleic and erucic acids are liquids. These acids can be
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converted into mercaptans, disulfides, and sulfonates by various

reactions. The preparation of the thiocyanogen derivatives of

oleic, linoleic, and linolenic acids has been described,^^® as has also

that of the cyano derivatives of hydnocarpic and chaulmoogric

acids.^^^ Toyama and Tsuchiya^^* have stated that the thio-

cyanate derivative of linoleic acid has the formula CH3(CH2)4-

CH:CHCH2CH(SCN)CH(SCN)(CH2)7C02H, and the tetrathio-

cyanate of linolenic acid the formula CH3CH2CH :CHCH2
-

CH(SCN)CH(SCN)CH2CH(SCN)CH(SCN)(CH2)7C02H. The
halogenation of these thiocyanates has been studied.^^

OTHER ADDITIONS AND SUBSTITUTIONS

Many of the addition and replacement reactions which involve

the unsaturated acids or the substituted acids have only been

superficially studied and merit more attention. Acetylenic fatty

acids are reactive with arsenic trichloride, forming addition prod-

ucts which probably contain the group —C(AsCl2):CCl— . This

reaction was first studied by Fischer/*® who refluxed behenolic

acid with ASCI3 for six hours at 140°, the addition product being a

thick, dark-colored liquid. The hydrolysis of this liquid yields a

chloroarsenobehenolic acid to which he ascribed the formula

C22H40O3ASCI and which was considered to contain the group

—C(AsO) : CCl— . Phosphorus trichloride adds to acetylenic acids

in a similar manner. The preparation of addition products of

acetylenic acids and the trihalides of arsenic and phosphorus has

been patented by Heinemann,^*^ who also studied the preparation

of a number of derivatives of these products. The compounds were
originally synthesized to study their value as therapeutic agents.

The arsenic derivatives of chaulmoogric acid, such as 4-chaul-

moogrylaminobenzenearsonic acid, however, have been found to be

unsatisfactory for this purpose Organic phosphorus compounds,

prepared by treating unsaturated fats with phosphorus pentoxide

or acetylphosphoric acid, have been claimed ^ to be useful in the

textile industry. High molecular weight phosphorus compounds
have been prepared by the action of phosphorus acids on saturated

keto acids obtained by the hydration of acetylenic acids. The reac-

tion products of both phosphorous and phosphoric acids on the

keto acids have been described,**^ and the esterification of the

resulting hydroxyphosphoric acids has been studied.^*® It has

been found that purer products can be obtained by the use of
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phosphorus trichloride followed by hydrolysis rather than by the

direct action of phosphorous add.^ Backer and Mulder have

studied the preparation of a-arseno carboxylic acids by the treat-

ment of potassium arsenate with the potassium salts of a-bromo

acids, the reaction proceeding as follows:

RCHBrCOjjK + KgAsOs -> RCHrAs03K2)C02K + KBr

Hydrolysis yields the corresponding a-arseno acids, the melting

points of which were reported to be as follows: propionic, 134°;

butyric, 127°; valeric, 116-117°; caproic, 96°; enanthic, 82-83°;

caprylic, 69°; and pelargonic, 115°.

Ethylenic acids, when heated vdth phosphorus and w'ater in

the presence of oxygen, form addition products the structure of

which has not been conclusively determined. The followng

reaction has been postulated:

The ethylenic bonds of unsaturated acids are reactive with cer-

tain mercuric salts, such as mercuric acetate, with the formation

of addition compounds in which the mercury atom is directly

attached to a carbon atom. Leys has reported that the action

of mercuric acetate on olein in acetic acid solution does not yield

products of definite composition. The preparation of a number of

mercuric salt addition products has recently been studied ^ For

example, methyl 9-acetox3nnercuri-10-methoxystearate results

from the following reaction:

CH802C(CH2)7CH=CH(CH2)7CH3 -f Hg(OCOCH3)2 + CH3OH —
CH302C(CH2)7CH(HgOCOCH3)CH(OCH3)(CH2)7CH3 + HO2CCH3

Compounds such as ethyl 9-acetoxymercuri-lO-ethoxystearate,

methyl 9-chloromercuri-lO-methoxystearate, and ethyl 9-chloro-

mercuri-lO-ethoxystearate can be similarly prepared. These com-

pounds are viscous oils. The ethylenic bonds contained in fatty

derivatives such as unsaturated ketones, alcohols, and amines

react in a similar manner

Mercuric acetate forms addition products with acetylenic acids,

the hydrolysis of which yields saturated keto acids. The reaction

product of methyl 2-nonynoate and mercuric acetate has been

shown tohave the structureCH3(CH2)5C(OHgOAc) : C(HgOAc)~
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CO2CH3, and it has been stated that its hydrolysis with concen-

trated hydrochloric acid yields 3-ketononanoic acid. The mercuric

derivative of stearolic acid yields, with chlorine or bromine in chlo-

roform, chloro- or bromoketostearic acid, respectively, the reduc-

tion of which gives 10-ketostearic acid. The mercuric derivative

of behenolic acid reacts similarly. Sherrill and Smith have re-

ported that the hydration of 9-undecynoic acid by means of sul-

furic acid yields 59% of 9-keto- and 41% of 10-ketoundecanoic

acids, whereas hydrolysis of the mercuric addition product yields

46% of 9-keto- and 54% of 10-ketoundecanoic acids. These

authors have suggested that an electrostatic rearrangement is in-

duced by the presence of the mercuric salt

The addition of maleic anhydride to conjugated, unsaturated

acids and their derivatives has been discussed previously (Chapter

II). The reaction is based upon the original findings of Diels and

Alder that conjugated unsaturated systems form 1,4-addition

products Avith this reagent, and the so-called diene value is exten-

sively used as a means of estimating conjugated unsaturation. It

has recently been observed^®® that non-conjugated unsaturated

acids react with maleic anhydride at an elevated temperature

(200°), methyl oleate reacting with one mole, methyl linoleate wth
two, and methyl linolenate \rith two and one-half moles of this

reagent. Methyl stearate is unreactive under these conditions.

The treatment of high molecular weight unsaturated acids with

formaldehyde or other aldehydes or ketones in the presence of acid

condensing agents has been claimed to yield addition products

The preparation of silicyl derivatives of the hydroxy acids has

been studied by Kaufmann.^®^ Such compounds are obtained by
the action of hydroxy carboxylic acids with the alkyl esters of

silicic acid, or ^rith silicon halides in the presence of organic bases

such as pyridine. It has been stated that these silicyl derivatives

are resistant to the action of water and of mild alkalies.

The acylation of hydroxy acids may be accomplished by the

use of organic acids, their anhydrides, or chlorides. The use of a
small quantity of chlorosulfonic acid has been suggested as a

catalyst."* Benzene and other aromatic hydrocarbons add to the

ethylenic bonds of unsaturated acids in the presence of an excess of

sulfuric acid to yield aromatic sulfonic acid derivatives.**®® Aro-

matic hydrocarbons also add to unsaturated acids in the presence

of Friedel-Crafts catalysts to give the corresponding aryl substi-

tuted acids. Nicolet and de Milt have prepared phenylstearic
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acid by the action of oleic acid and benzene in the presence of

aluminum chloride and have stated that the tolyl and naphthyl

derivatives can be similarly obtained. Phenylstearic acid was ob-

served to be resistant to oxidation by hot alkaline potassium per-

manganate. Nitration yields a dinitro derivative. Later, de

Milt characterized the reaction product of oleic acid and ben-

zene as 10-phenylstearic acid, a viscous, pale yellow liquid.

Schmidt ^ has observed that the phenylation of oleic acid proceeds

rapidly in the presence of an equimolar quantity of aluminum
chloride and an excess of benzene; however, prolonged heating

leads to secondary reactions, one of which is probably ketone

formation. Xylylstearic acid was prepared by a similar reaction.

The triglyceride of phenylstearic acid has been reported to be a

viscous, reddish yellow liquid, 0.9746.“® Phenylstearic acid

has been characterized by the preparation of phenylstearyl-p-

aminoazobenzene,“^ m p. 82-82.5°; several other derivatives have

subsequently been prepared for purposes of its identification.®®®

The preparations of p-xylylstearic acid, ethyl tolylstearate, methyl

phenoxyphenylstearate, and the p-methyl, p-chloro, p-bromo,

p-methoxy, and p-phenoxy derivatives of phenylstearic acid have

been described.®®* The introduction of alkylaryl groups into oleic

or undecenoic acid, followed by sulfonation and neutralization of

the resulting products, has been reported to give compounds which

function as wetting agents.®®^ Harmon and Marvel ®®* have pre-

pared a number of phenyl-substituted fatty acids by the reaction

of phenyl-substituted alkyl chlorides with malonic anhydride,

followed by hydrolysis and decarboxylation of the resulting esters.

10-Phenyloctadecanoic acid was observed to melt at 4CM:1.5°, and

a comparison of this product with the phenylstearic acid obtained

from oleic acid indicated the latter to be an equimolar mixture of

9- and 10-phenylstearic acids. Oleic acid yields 10-m-cresoxy-

stearic acid when treated vdth rw-cresol in the presence of

H2SO4—^AcOH; a subsequent rearrangement of the product yields

10-

(2-hydroxy-4-methylphenyl)stearic acid, which melts at 37°.®®*

The acylation of fats has been extensively studied by Kimura and

Tsurugi.®“ The preparation of aralkylated fatty derivatives, by
the action of oleic acid with benzyl chloride or other aralkyl

halides in the presence of Friedel-Crafts catalysts, has been de-

scribed.®^^

Alkylation of fatty acids may be accomplished by treating halo

derivatives of the acids ^vith the appropriate Grignard reagents.
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For example, Morgan and Holmes have obtained 2-methyl-

stearic acid, m.p. 58°, by the action of MeMgl on 2-bromostearic

acid. 2-Methylpalmitic acid, m.p. 54°, 2-methylpentadecanoic acid,

m.p. 48°, and 2-methylmargaric acid, m.p. 51-51.5°, were prepared

in a similar manner. Direct methylation is not generally employed

for the preparation of branched-chain acids for obvious reasons;

however, a number of processes have been employed for the

synthesis of such ^ example is that pro-

posed by Cason, who prepared 17-methyloctadecanoic acid by
reduction of the keto acid obtained by the condensation of diiso-

nonylcadmium and 9-carbethoxynonanoyl chloride.

POLYMERIZATION

Partial polymerization of dr3ring oils for the preparation of the

so-called boiled oils has been known to the paint and varnish

industry for many years. The effect of heat upon the drying and
semi-drying oils and upon mixtures of such oils has, therefore, been

the subject of a large amount of scientific study, which has re-

sulted in many contributions to this field. In view of the com-

plexity of this subject its detailed discussion would be out of place

in this present writing. It is a significant fact, however, that the

polymerization of the unsaturated acids and that of their glycerides

are closely allied phenomena, inasmuch as the latter undoubtedly

involves the former. It is also true that the many comparatively

recent studies upon the polymerization of the unsaturated acids

have, at least, afforded a partial explanation of the effect of heat

upon the glycerides.

Polymerization reactions may be considered as addition reac-

tions, and it is interesting to note that many of the principles which

were discussed in connection with the various addition reactions

apply with equal force to polymerization reactions. It is quite

apparent that a close parallelism should exist between the mecha-
nism of the polymerization of unsaturated hydrocarbons and that

of unsaturated fatty acids. Few fields have received, in such a
comparatively short period of time, the concentrated attention

accorded that of hydrocarbon polymerization, and much of the

information which has been obtained has a direct bearing upon the

polymerization phenomena encountered with the unsaturated fatty

acids.

Many of the earlier investigations upon the polymerization of

fatty substances were concerned with thermal treatment of the
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glycerides rather than of their respective adds. However, in 1926

Bauer studied the polymerization of or and ^-eleostearic acids

by heating these adds in an atmosphere of carbon dioxide at 200^,

and observed that the products possess materially lower iodine

numbers than the starting adds. Hydrogenation of the poly-

merized product results in stearic add, which shows that the car-

bon-to-carbon bonds formed during the polymerization are rup-

tured by hydrogen in the presence of catalysts. The studies of

Kino upon the polymerization of methyl linoleate and methyl

linolenate led to the conclusion that rings containing four carbon

atoms are formed. An investigation of the products of ozonization

of pol3rmerized methyl linoleate indicates that the pol3anerized

ester possesses the following structure:

CH8(CH2)4CHCHCH2CH :CH(CH2)7C02CH8

CH»(CHs)4<!:H<!!HCH*CH :CH(CH*)7CO*CHs

According to Kino,®“ methyl stearolate pol3anerizes to 3deld a

dimer which probably contains double bonds. The methyl esters

of highly unsaturated acids, such as methyl clupanodonate, were

considered to yield polymers which contain 4-carbon rings, in-

creased unsaturation being conducive to more rapid polymeriza-

tion. Polymers higher than dimers predominate if the original

ester contains more than three ethylenic bonds. Recent work
upon this subject has shown that polymerization reactions are

much more complex than originally supposed.

It is well known that pol3anerizations proceed quite rapidly

when conjugated unsaturated systems are involved. The impor-

tant observation of Scheiber that the rise in the refractive index

of linseed oil during thermal treatment may be partially ascribed

to a rearrangement into a conjugated system forms the basis of

our present theories of the polymerization of unsaturated acids.

Kappelmeier has agreed that the Diels-Alder diene synthesis

is one of the principal reactions which occur during the polymeri-

zation of both conjugated and unconjugated acids, and that the

latter are transformed into the former prior to polymerization.

In the same year, a conjugated acid containing two double bonds

was isolated as an intermediate product in the thermal polymeriza-

tion of linseed oU.®*^ Kino,®®® however, has contended that the

polymerization of methyl linolenate takes place without a shift in

the positions of the double bonds and that the formation of a

conjugated system is not always necessary for intramolecular

polymerization. The work of Bradley and coworkers ®®® has
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served to answer many of the questions pertaining to the poly-

merization of the unsaturated acids. Ultraviolet absorption studies

indicate a progressive loss of conjugation during the polymeriza-

tions of timg oil and of methyl eleostearate. The formation and

subsequent loss of conjugated unsaturation during the polymeriza-

tion of unconjugated fatty acids and their esters support the

isomerization theory. Molecular distillation shows the product

of the thermal treatment of methyl linoleate to consist predomi-

nantly of a dimer with no indication that polymerization proceeds

beyond the trimeric stage. It was suggested that such polymeriza-

tions are analogous to the 1,2-1,4-additions established for buta-

diene, the following parallelism being pointed out:

CH*

in

<!;h

Ah.

CHj

CHa

in—CH=CH,
CHs=CH—CH=CH2

A

CHj CH

^CH*

CH* Cl

in—<!;h
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ThBBKAL POLTMBEIZATION of MbTBTL 9,11-OcTADBCAinBlVOATB

The studies of Brod, France, and Evans upon the polymeriza-

tion of mixtures of ethyl 9,11- and 9,12-linoleates support the
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contention that substituted cyclohexenes resulting from a modified

Diels-Alder reaction are formed during the pol3mQLerization of

polyethenoic acids, and that their formation involves an isomeriza-

tion of unconjugated to conjugated systems. Bradley suggests a

bi<^clic structure for the dimers derived from octadecatrienoates

and a monocyclic structure for those resulting from octadeca-

dienoates. Thus methyl octadecatrienoates polymerize by bi-

molecular addition followed by ring closure, yielding compounds

having structures similar to the following:

O

H (CHs)7<!!k)CH,

cil ^G-(CHs)7COCHi

H H A Ah* a

CH,(CHi!)*A=A—

ch8(chs)*-Ah AhV
Methyl oleate has been stated to undergo some polymerization

at 300®, and it has been observed that geometrically isomeric forms

have approximately the same rate of thermal polymerization.®*

The polymerization of i3-eleostearic acid at various temperatures

has recently been investigated by Bauer and Liao.®” High pres-

sures favor rapid polymerization rates, Starkweather having

shown that the rate of pol3rmerization of conjugated compounds is

doubled on increasing the pressure from 6000 to 7000 atmospheres.

The polymerization of soluble salts of the unsaturated acids under

pressure has been suggested as a method of obtaining poly-

merized acids. The preparation of dimerized acids by the polymer-

ization of their alkyl esters shows promise of considerable commer-

cial interest.

ISOMERIZATION

The ethylenic acids exhibit both position and geometrical isom-

erism and the number of possible isomers of a specific unsaturated

acid is sometimes quite large. The simplest case of isomerism in-

volves the position of the double bond of an ethylenic acid with

reference to the carboxyl group. Several chemical reactions have
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already been discussed whereby this position may be changed; for

example, it has been shown that the addition and removal of

hydrogen halide is frequently accompanied by a shift in the posi-

tion of an ethylenic bond.*" The migration of ethylenic bonds

under hydrogenating conditions and in the

presence of various metals has been considered, and comments

have been made upon the possibility of a shift in the position of an

ethylenic bond prior to oxidative cleavage. It is thus apparent

that the probability of position isomerization must be considered

in many of the reactions in which the unsaturated acids constitute

a reacting component.

The observation of Varrentrapp *** that palmitic acid results

when oleic acid is fused with potassium hydroxide has been ex-

plained by assuming that under such conditions the ethylenic

bond is shifted to the position adjacent to the carboxyl group.

The significance of Varrentrapp ’s reaction was not at first recog-

nized, since it was erroneously concluded that oleic acid is 2-octa-

decenoic acid. Later studies *** upon this reaction also did not

correctly interpret its meaning because of confusion regarding the

structure of oleic acid. Subsequent work, however, has established

the general tendency of double bonds to migrate under highly

alkaline conditions and the importance of this isomerization is

now fully recognized. The fusion with potassium hydroxide of

ethylenic acids containing a double bond in the 2- or 3-position

has been shown by Egorov to yield similar saturated acids, re-

quiring a shift in the double bond in the latter instance. Since

oleic acid, which Egorov considered to be 8-octadecenoic acid,

yields 5-octadecenoic acid together with palmitic acid when fused

with potassium hydroxide, it became apparent that such a treat-

ment results in a shift in the position of an ethylenic bond towards

the carboxyl group irrespective of the original position of the bond.

This conclusion was apparently confirmed by the preparation of

9-imdecenoic acid from 10-undecenoic acid by such treatment.

The presence of small amounts of hydroxystearic acid in the reac-

tion product of the alkali fusion of oleic acid led to the belief, in

support of a theory previously advanced by Wagner,*** that hy-

droxy acids are intermediates in such isomerizations. It has,

however, been claimed *** that the effect of alkalies must be con-

sidered as a direct shifting of the double bond, and that mono- or

dihydroxy acids are not intermediates in the isomerization, since

the fusion of dihydroxy acids with potassiiun hydroxide results in
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a cleavage at the original position. Le Sueur had previously

shown that the potassium hydroxide fusion of the dihydroxystearic

add obtained from oleic acid yields a monohydroxy dicarboxylic

acid as the principal product, and that azelaic and pelargonic adds
constitute only a minor portion of the product. A subsequent

study showed the product to be 2-hydroxy-2-octylsebadc add,

the formation of which was postulated to involve the migration

of an octyl group followed by an oxidation, thus:

CHs

(Ah*)7

CHOH

(Ijhoh

iojH

CHjOH

<!;(oh)(CHj)7Ch*

(Ah^7

CO*H

COjH

A(OH)(CH»)7Cai,

(Ah*)7

Ao*h

The oxidation evidently occurs during the fusion, since the same
product is obtained when dihydroxystearic acid is fused with potas-

sium hydroxide in the presence of nitrogen. Dihydroxybehenic

acid was shown to yield 2-hydroxy-2-octyltetradecanedioic add by
a similar procedure. In a further study of this reaction, Nicolet

and Jurist stated that diketo acids are intermediates and that

their hydration yields the observed products, as follows:

—2H2
CH8(CH2)7CH0HCH0H(CH2)7C02H > CH8(CH2)7COCO(CH2)7COjH

CH»(CH,)7C0H(CH*)7CX)*H

AojH

The migration of the double bonds of unsaturated acids at high

temperatures was first studied by Fittig and has recently been

investigated by Linstead and others.®"' These authors have

made a detailed study of the tautomerism of 2- and 3-hexenoic,

pentenoic, and butenoic acids both in the pure state and when
dissolved in various solvents. Tautomerism occurred in the pure

acids at their boiling points in the absence of catalytic materials.

The reaction is of the first order, the percentage change being

independent of the total concentration and of the presence of

solvents. The rate at which equilibrium is attained is greatly

increased by the presence of alkalies and is a function of the con-

centration rather than of the mole proportion of alkali employed.
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Isomerization reactions involving the polyethenoic acids appear

to favor the formation of conjugated i^stems. That such migra-

tions can take place at high temperatures in the absence of catalysts

has been pointed out in our discussion of fatty acid polymerization.

The treatment of acids or fats with excess of aqueous alkali at

elevated temperatures results in a comparatively rapid shift in the

relative positions of the double bonds with the apparent formation

of conjugated systems. In 1933, Scheiber ^ recognized that the

treatment of linoleic acid with an excess of aqueous alkali results

in a partial conversion of the unconjugated to a conjugated system.

The treatment of polyethenoic acids with excess aqueous alkali

had been studied previously by Stiepel;®^* however, he failed to

realize that the reaction involved ethylenic-bond migration. In

1937, Moore observed that the prolonged refluxing of linseed oil

acids with aqueous potassium hydroxide causes an increase in the

ultraviolet absorption with the development of a maximum absorp-

tion at 270 m/i. A product melting at 77® and resembling eleo-

stearic acid was separated from the reaction mixture. Later,

Kass and Burr ** reported that the time required for isomerization

could be materially reduced if ethylene glycol rather than water is

employed as the solvent. The refluxing of 625 g. of linseed oil

fatty acids with an equal weight of potassium hydroxide in 2.5

liters of anhydrous ethylene glycol yielded an acid, m.p 70®, which

appeared to be 10,12,14-octadecatrienoic acid and which these

authors termed pseudoeleostearic acid. It had previously been

shown by molecular refraction comparisons that the reduction of

linoleic acid to linoleyl alcohol by sodium in butanol is accom-

panied by appreciable isomerization, the product being a mixture

of 9,12- and 10,12-octadecadienols, thus accounting for a former

observation by Turpeinen that this reduction is accompanied

by secondary changes. A patent issued to Burr in 1941 dis-

closed the alkali isomerization of several acids and acid mixtures

in the presence of anhydrous oi^anic solvents. Mitchell and Kray-

bill have observed that some conjugation is produced during

the bleaching of vegetable oils. Quite recently, Turk and Boone ^
have stated that the rate of isomerization by heat is increased by
the presence of metallic oxides such as aluminum oxide.

The reader is referred to Chapter II for a discussion of geometri-

cal isomerism as exemplified by oleic acid-elaidic acid, erucic acid-

bras&idic acid, and also some of the more highly unsaturated acids.

The stereochemical relationships of some of the addition and oxidar
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tion products have already been discussed in this present chapter.

Optical isomerism will be considered only as it relates to investi-

gations upon specific compounds.

PYROLYSIS*

Most of the work which has been reported upon the thermal

decomposition of fatty substances has been of a somewhat empiri-

cal nature, and our knowledge of this subject is consequently not

very profound. The pyrolysis of the fatty acids, their glycerides,

and simple derivatives yields a mixture of liquid hydrocarbons,

ketones, water, and gases, the components of which have not been

definitely identified. Since the carboxyl group is relatively un-

stable at high temperatures, decarboxylation is a predominant

reaction in the high-temperature behavior of the acids. Ketone

formation, especially in the presence of catalysts, is generally

encoimtered. The ketones may be present as their decomposition

products, especially if quite high temperatures are employed.

Soaps yield a mixture of hydrocarbons when heated to high tem-

peratures. Mailhe has shown that the thermal decomposition

of the vegetable oils in the presence of Cu-Mg or Cu-Al catalysts

gives liquid products which can be hydrogenated to saturated

aliphatic, cycloaliphatic, and aromatic hydrocarbons. Carbon

dioxide, gaseous hydrocarbons, water, and acrolein are also

formed. Oleic acid when passed over a Cu-Al catalyst at 600-

650° yields liquid hydrocarbons, gases, and water. The resulting

hydrocarbons are preponderantly aliphatic, and it is very doubtful

if any substantial amoimts of cyclic hydrocarbons are formed by
this process. The lower acids have been stated by Mailhe to

yield ketones, olefins, and cyclic hydrocarbons when siniilarly

treated. The pyrolysis of pelai^onic acid at 600-620? yields a

considerable amount of liquid compounds, distilling below 150°,

containing pelargonone and liquid hydrocarbons together with

some unchanged pelargonic acid. The gases formed analyzed as

follows: CO2, 20%; CO, 11.5%; CnH2n. 8.5%; CnH2n+2, 25.5%;

CH4, 11%; and H2, 23%. Unsaturated acids, such as oleic and

linoleic acids, form ketones together with liquid and gaseous

hydrocarbons, carbon dioxide, carbon monoxide, and water when
subjected to thermal decomposition. The pyrolysis of palmitic

*For a complete treatment of the pyrolysis of organic compounds, ^e
reader is referred to Hurd, The Pyrclyeis of Organic Compounds, A.C.S. Mono-
graph No. 60, Chemical Catalog Co., New York (1929).
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acid has been studied by Araki/^ who claimed that volatile acids

constitute the main product. In view of the relative instability

of the carboxyl group it is believed that these observations are in

error. The presence of catalytic materials greatly lowers the tem-

perature at which fatty acids undergo thermal decomposition.

Oleic acid, for example, is converted into a mixture of liquid

hydrocarbons and gases when heated for 2~3 hours at 150° in the

presence of 30% aluminum chloride.®*® The thermal decomposi-

tion of hydroxy acids as exemplified by the dehydration and scis-

sion of ricinoleic acid has been discussed previously.

The question as to whether petroleum hydrocarbons owe their

origin to the pyrolysis of fatty substances has long been a subject

of interest. Engler and Lehmann ®®® obtained chiefly straight-

chain hydrocarbons by the cracking of fats or fatty acids at 350-

400° imder pressure. A study by Stadnikov and Ivanovskii ®®^

of the pyrolysis of unsaturated acids led to the conclusion that

although it is likely that petroleum hydrocarbons of the aliphatic

series were formed by the decomposition of animal fats, naphthenic

petroleum must have had a different origin. The occurrence of

small amounts of fatty acids in natural petroleums ®®® has led

many to believe that the fats of aquatic origin may be considered

as a possible source of petroleum hydrocarbons. It has been

stated ®®® that the formation of optically active petroleum hydro-

carbons cannot be ascribed alone to the pyrolysis of fatty materials

but possibly to a decomposition of mixtures of such materials with

proteins. The decomposition of fats by bacteria and fungi,®®®* ®®^

in which decarboxylation is a predominant reaction, is of interest

as regards its possible relationship to the formation of petroleum

from such sources.

The effect of alpha particles upon organic materials has a possi-

ble bearing upon the origin of petroleum. This was first suggested

by Lind and Bardwell ®®^ who stated that the radiations from the

radioactive constituents in sedimentary rocks may be involved

in petroleum formation. Subsequent studies ®®®* ®®* lend consider-

able support to the belief that the action of radiations upon organic

material offers a possible explanation for the formation of certain

types of petroleum. The quite recent work of Sheppard and
Burton ®®® upon the products which result from the alpha particle

bombardment of fatty acids is of exceptional interest. The major

reactions were observed to be dehydrogenation and decarboxyla-

tion, the reactions taking place at much lower temperatures than

those required for pyrolysis.
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THE FATTY ACffi ESTERS

Since the fatty acids occur in nature as glycerides and to a much
more limited extent as esters of the higher alcohols, it is quite

common to consider the esters as a source rather than as deriva-

tives of the fatty acids. The fatty acid esters, however, represent

a very large group of compoimds which comprises not only those

which occur in nature but also the many esters which have been

synthetically prepared. The latter constitute an important group

of fatty acid derivatives, especially when we consider the large

number of representatives of this type which have been i^thesized

and studied. These S3mthetic esters include the simple alkyl

esters, the esters of aromatic alcohols, the esters of the polyhydric

alcohols, and the more complex esters such as those of cellulose,

starch, and allied compounds. This present chapter discusses the

preparation and physical and chemical properties of many of these

synthetic esters. Although much of the information presented

herewith has a direct bearing upon the structure and properties

of the naturally occurring fats and waxes, the primary purpose is

to assemble and discuss the large amount of data which have been

reported on the synthetic esters of the fatty acids.

The synthesis of any fatty acid ester in a state of purity generally

resolves itself into two operations. First, the ester must be pre-

pared by a satisfactory procedure, and secondly, it must be purified

by separation from other esters which are present in the reaction

mixture, such as esters of homologous acids or esters which possess

a different degree of unsaturation. This latter step may be elimi-

nated if the purification has been originally made through the acid,

but since the esters generally lend themselves readily to separation,

purification is generally accomplished through them rather than

the acids.

THE SIMPLE ALKYL ESTERS

The fatty acid esters of the monohydric alkyl alcohols can be

prepared by several procedures, two of the most important of which
492
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are the direct esterification of a fatty add, or less frequently its

anhydride, by reaction with an excess of the alcohol, generally in

the presence of an acid catalyst, and the well-known method of

ester interchange or alcoholysis. Alcoholysis consists of heating a

tri^yceride with an excess of an alcohol in the presence of either

an acidic or a basic catalyst and is frequently used for the prepara-

tion of alkyl esters. Recourse to this method is often taken for

the determination of the component acids present in the natural

fats. The alkyl esters have also been obtained by the reaction of

the fatty acid chlorides with alcohols and by the action of soap

with alkyl halides; however, such methods are less frequently

employed than direct esterification or alcoholysis.

Direct Esterification

Numerous examples of the preparation of the alkyl esters of the

fatty acids by direct esterification procedures, employing an excess

of alcohol in the presence of various catalysts, have been reported

in the literature. For example, Ruhoff and Reid ^ have accom-

plished the preparation of a series of esters of the saturated acids

by heating the acids with an excess of the alcohol in the presence

of anhydrous hydrogen chloride. Thus, methyl pentadecanoate,

ethyl myristate, and propyl tridecanoate are obtained by heating

one mole of the acid with four moles of the alcohol containing 3-5%
of anhydrous hydrogen chloride and 30% of anhydrous calcium

chloride. Butyl laurate is prepared by heating one mole of lauric

acid with three moles of anhydrous butanol containing 20% of

anhydrous hydrogen chloride. After refluxing for some time the

reaction mixture separates into two layers and the lower aqueous

layer is discarded. The ester is washed with water to remove the

excess of mineral acid and dried, the alcohol is removed by distilla-

tion, and the ester is distilled. The detailed procedure for the

preparation of ethyl tridecanoate has been described by Ruhoff.^

A convenient method for esterification consists of dissolving the

acid in an excess of alcohol and saturating the solution with dry

hydrogen chloride, during which process the ester separates as a

layer which is washed and purified. Sulfuric acid and the various

aromatic sulfonic acids are quite satisfactory catalysts for the

preparation of esters of the saturated acids, although their use is

not recommended for the esters of the highly unsaturated acids.

Phosphoric acid has been suggested ’ as an esterification catalyst

for the preparation of esters of unsaturated acids. The preparation
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of pure ethyl linoleate and pure ethyl linolenate by the simultane-

ous debromination and esterification of the respective tetrabromide

and hexabromide has recently been described by McCutcheon.^

The fatty acid esters of the higher alcohols can be obtained by
heating the alcohols and acids even in the absence of catalysts.

For example, Bellucci ^ has reported a 95% yield of cetyl palmitate

by heating equimolecular amounts of the reactants in a slow stream

of carbon dioxide at a temperature ranging from 230^ to 270°.

Vapor-phase esterification can be employed conveniently for the

preparation of esters of the lower acids; however, the difficulty of

vaporizing the higher acids somewhat precludes the use of this

method for obtaining their esters. The vapor-phase, high-tem-

perature esterification of acids by excess alcohol in the presence

of catalysts such as thoria or titania has been studied by Mailhe,^

and the use of catal3rsts such as H2SO4, H3PO4, or ZnCl2 on an

inert carrier has been suggested.^ Esters such as butyl butyrate

have been prepared by the simultaneous hydrogenation and esteri-

fication of butyric acid in the presence of mixed oxide catalysts.^

The direct conversion of nitriles into esters has been accomplished *

by heating a mixture of the nitrile and alcohol under pressure in

the presence of sulfuric acid.

It has previously been pointed out (Chapter IV) that the en-

zymatic hydrolysis of an ester is a reversible reaction. Although

the biochemical synthesis of the alkyl esters is probably only of

theoretical importance, it is interesting to note that castor bean

lipase has been used as a catalyst for the preparation of methyl

oleate and other esters.^® The esterification of oleic acid with

methanol in the presence of steapsin or pancreatin by a homo-
geneous phase reaction has been studied.^^

Esterification reactions should be conducted under such condi-

tions that the reaction is brought essentially to completion. This

may be accomplished by the use of a large excess of the alcohol or

by the removal of one of the products of the reaction. Such reac-

tions are, therefore, generally conducted under conditions such that

the water formed by the reaction is continuously removed from

the reaction mixture. Most frequently the water is removed as an

azeotropic mixture of water and the alcohol.^^ Mitchovitch “ has

prepared a series of esters by removal of the water as a ternary

azeotropic mixture with ethanol and toluene.

The esters of the dicarboxylic acids can be prepared by direct

esterification of the acids with excess of an alcohol in the presence



THE SIMPLE ALKYL ESTERS 406

of add catalysts. Locquin and EUghosy have described the prep-

aration of diethyl adipate by the esterification of adipic add with

an excess of ethanol in the presence of toluene and hydrochloric

acid, the water being removed as a ternary azeotropic mixture.

The diethyl esters of suberic and azelaic adds have been obtained

in high yields by a similar procedure.^^ The monoethyl esters of a
number of dicarboxylic adds have been prepared by heating the

diesters with an equimolecular amount of the free acids at 130°

for four to six hours.“

The Kinetics of Esterification of the Fatty Acids

Since most esterification reactions involving the fatty adds are

conducted under conditions in which the reactions are brought

essentially to completion, the reaction velocity is a more important

consideration than the equilibrium concentration. Influences of

the solvent, the concentrations of the reactants, and the structures

of the acid and alcohol upon the velocity of both catalyzed and
uncatalyzed esterification reactions have been the subjects of a

number of investigations. It has been stated by Hinshelwood and
Legard that esterification is always a catalytic process and is

complicated kinetically by the fact that several of the molecular

or ionic species may be exhibiting independent catalytic effects.

In a consideration of the velocity equation

= *o[HX][ROH,+] + fci[HX]*

for reactions catalyzed by hydrogen chloride in the temperature

range 0-60°, the first term so outweighs the second that fco can be

determined directly from the Goldschmidt equation,

where a is the initial concentration of organic acid, c is that of

hydrogen, x is the amount of acid esterified in time t, and r is a

constant, the concentration and time units being expressed in

moles per liter and in seconds, respectively. When the reaction is

conducted at high temperatures (120-200°), ki may be evaluated

by application of the equation kt = l/(a — ar) — 1/a. That
esterification reactions can be catalyzed by the presence of undis-

sodated acid was indicated by Goldschmidt ^ in his studies on

the velocity of esterification of a series of acids by absolute ethanol

in the presence and absence of add catalysts, the esterification rate
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being expressed by the equation h == ClKxy + Kb{X — 7)], where

k is the velocity constant, 7 the dissociation of the catalytic acid,

C its concentration, and Kb and Ka the reaction constants for

the undissociated and dissociated portions of the catalytic acid.

The esterification constants of substituted acrylic adds as com-

pared to those of the corresponding saturated acids have been

studied by Sudborough and Roberts, who found that an acrylic

acid is esterified much less readily than its saturated analog. No
simple relationship was observed between the strength of the acids

and their esterification constants. Later, it was reported ^ that

a double bond in the a-position has an appreciable retarding effect,

whereas its influence in the jS- or 7-position is comparatively small,

the esterification constants being of the same magnitude as those

for the corresponding saturated acids.

It has been suggested that in esterification reactions it is actually

the hydroxyl of the acid rather than the hydrogen which is re-

placed. The velocity constants of reactions in solution maybe
expressed by the modified Arrhenius equation k = Z
being the actual rate of collision between molecules capable of

reaction, P the probability that a collision will lead to reaction, and

E the activation energy. The value of P approaches unity for

ionic reactions but is much smaller for organic reactions, such as

the esterification of the fatty acids. The functional relationships

which exist between PZ and E have been the subject of several

investigations by Fairclough and Hinshelwood,^® and in a study of

a number of esterification reactions Hinshelwood and Legard^^

arrived at the following conclusions: (1 ) for a series of alcohols,

changes in rate are determined by variations in the activation

energies; (2) for a series of acids, those which react most slowly

correspond to the highest values of C; (3) in general, there is a

correlation between large values of E and large values of P, and
vice versa; and (4) on changing from a non-ionic catalyst to the

hydrion, there is an increase of P of about 10^, but differences be-

tween various non-ionic catalysts seem rather to depend upon the

values of E itself. In 1939, Fairclough and Hinshelwood ^ studied

the kinetics of the esterification of a series of fatty acids from acetic

to behenic in an attempt to evaluate the effect of increased molec-

ular weight and other factors upon the temperature-independent

term PZ of the Arrhenius equation. The effect of increasing sol-

vent density upon the value of Z was determined by recourse to a
mechanical model originally proposed by Rabinowitch,*® in which
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the molecules are represented by steel balls. When the balls

representing the solvent and solute are of similar size, increase in

the solvent density does not decrease the collision rate, since the

number of repeated collisions increases at the expense of fresh

collisions. A similar effect is noted when the solute balls are smaller

than those representing the solvent. When the solute balls are

larger, however, the solvent assumes a close-packed structure at

high solvent densities, the solute being squeezed out with an

attending increase in collision rate.

TABLE I

Esterifications in Ethanol

Acid E log PZ A:ioo X 10«

Acetic 15,200 3 69 5.70

Propionic 15,000 3.47 4 47

Butync 14,800 3 18 3.00

Caproic 15,100 3.41 3 39

Pelargonic 14,900 3.34 3 80

Mynstic 14,800 3.30 3.99

Palmitic 15,100 3.51 4 27

Behenic 15,100 3 51 4.27

Since esterification reactions can be catalyzed by the presence

of undissociated acid, the esterification of fatty acids in excess of

an alcohol is bimolecular with respect to the acid. Table I, taken

from the data of Fairclough and Hinshelwood,^^ shows that k is

proportional to PZ since the activation energies are constant

within the limits of experimental error. The value k increases

appreciably from butyric to behenic acid.

For esterifications in methanol catalyzed by hydrogen chloride,

the values of PZ are essentially independent of the chain length

of the acid, as shown by the data given in Table II. This was
attributed to the fact that hydrions are not excluded by a close-

packed solvent structure.

The course of the reaction in methanol was found to be described

by the Goldschmidt equation, = (1 + a/r) log« a/(a — t) —
x/r. The value of r varies with the temperature; for example, the

following values were reported for pelargonic acid: 0.26 at 45®;

0.27 at 30®; 0.39 at 20®; and 0.32 at 0®. A series of esterification

reactions employing cyclohexanol as the solvent indicated a small

rise in the value of PZ with increase in molecular weight of the

add. It has been reported^ that when equimolar mixtures of
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stearic and oleic acids and of lauric and behenic acids are esteiified

with ethanol, both acids enter evenly into the reaction.

TABLE II

Esterifications in Methanol

Acid (N/10) E log PZ k20

Acetic 12,450 7.955 0.0442

Propionic 11,600 6.960 0.0384

Butsrric 11,800 7.183 0.0228

Caproic 11,700 7.073 0.0208

Pelargomc 11,300 6.750 0.0198

Palmitic 11,800 7.176 0.0221

Acetic N/2 10,800 6.710 0 0447

Alcoholysis

Ester interchange or alcoholysis is frequently employed for the

preparation of the alkyl esters of the fatty acids from their corre-

sponding glycerides. The advantages of this method are obvious,

since it is not necessary to isolate the acids and the subsequent

purification can be made through the esters. As previously stated,

this method is often used for the determination of the component

adds of the naturally occurring glycerides. Haller was among
the first to observe that the fats are converted into the correspond-

ing esters and glycerol when heated with alcohols, such as metha-

nol, in the presence of 1-2% of hydrochloric acid. Although all

the glycerides can imdergo alcoholysis, those of low molecular

weight are more reactive, and it has been observed that fatty

substances which are soluble in alcohol are more readily alcoholyzed

than those which are insoluble. The use of solvents for the fat

generally increases the rate of alcoholysis. Acid catalysts, such as

sulfuric acid or benzenesulfonic acid, can be successfully em-
ployed.*® Since the triglycerides are generally insoluble in alcohol,

the progress of the reaction may be followed by observing the

increasing solubility of the ester mixture, the reaction being com-

pleted when the mixture becomes completely homogeneous.

Castor oil is easily alcoholyzed owing to its solubility in alcohol,

and the esterification of castor oil by methyl, propyl, or isopropyl

alcohol yields the corresponding ester of ricinoleic add together

with smaller amounts of other esters.*® Elsdon has studied the

alcoholysis of coconut oil by methanol in the presence of hydro-

chloric add and has employed this method for the estimation of

the component adds.
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The direct conversion of the fats into their ethyl esters has been

shown to be a stepwise process,’^ since partially alcoholyzed mix-

tures contain both mono- and diglycerides together with the alkyl

esters. Thus, the partial alcoholysis of 3000 g. of tristearin with

ethanol in the presence of hydrochloric add was observed to 3deld

400 g. of unchanged ester, 300 g. of distearin, 200 g. of monosteaiin,

and 1200 g. of ethyl stearate. Reactions of alcoholysis are cata-

lyzed by alkaline hydroxides, and it has been stated ^ that only

small amoimts of soaps are formed if* anhydrous conditions are

employed. Alcoholysis in the presence of alkaline hydroxides has

also been observed to proceed stepwise with the intermediate

formation of both mono- and diglycerides. The preparation of

alkyl esters by the alcoholysis of glycerides under pressure has been

patented.^ Detailed procedures for the preparation and purifica-

tion of methyl myristate and palmitate by the alcoholysis of bay-

berry wax, and of ethyl caprylate, caprate, laurate, and myristate

by the alcoholysis of coconut oil, have been published.*® It must
be borne m mind that ester interchange is characteristic of all the

fatty acid esters and is not limited to the glycerides or waxes. As
a means of preparing the alkyl esters, however, such reactions are

generally confined to the glycerides because of their ready avail-

ability.

Purification of the Alkyl Esters

Mixtures of esters may be separated into their components

either by crystallization or by distillation. Frequently a combina-

tion of both methods is employed for obtaining the pure esters

from their mixtures. No general method can be recommended
for the separation of mixtures of esters or for the purification of an

individual ester, since the procedure required is largely dependent

upon the components of the acid mixture. Fractional distillation

offers a very satisfactory method for the separation of mixtures of

esters of the saturated acids. Ester fractionation is a recognized

method for the preparation of pure acids, since it is quite common
to convert a mixture of acids to their methyl or ethyl esters, sepa-

rate the esters by distillation, and reconvert the purified esters

to acids. Since it is quite difficult to separate saturated and
unsaturated esters containing the same number of carbon atoms

by distillation, it is customary in such instances to employ an

initial crystallization in order to remove the unsaturated esters

from the mixture. For example, ethyl stearate can easily be sepa-

rated from ethyl oleate and ethyl linoleate by fractional crystal-
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lization. Mixtures of esters of the unsaturated fatty adds of

similar chain length can only be separated by fractional crystalliza-

tion, and frequently repeated crystallizations in the same or differ^

ent solvents are required. The separation and purification of an

ester mixture is generally accomplished by a combination of

crystallization and fractional distillation, particularly if such mix-

tures contain esters of both saturated and unsaturated adds.

The preparation of pure methyl oleate from the product of the

alcoholysis of olive oil may be cited as an example of the many
steps which are generally necessary in order to obtain pure esters

of the unsaturated acids. Wheeler and Riemenschneider ^ em-
ployed the following steps in order to effect this separation: (1)

fractional distillation of the methyl esters of the mixed acids of

olive oil to remove palmitic and lower acids; (2) removal of most

of the linoleic ester (in the filtrate) by crystallization from acetone

(15 cc./g. of ester) at —60°; (3) precipitation of the bulk of the

saturated esters from acetone (10 cc./g.) at —37°, and removal

by filtration; (4) further elimination of methyl linoleate by two
crystallizations from acetone (15 cc./g.) at —60°; (5) fractional

distillation in vacuo to remove small amounts of remaining methyl

palmitate; (6) two crystallizations from redistilled low-boiling

petroleum ether (6 cc./g.) to remove the last traces of the linoleate.

Low-temperature fractional crystallization has been success-

fully employed for obtaining pure methyl ricinoleate from alco-

holyzed castor oil.^^ The separation of the methyl or ethyl esters

of the saturated fatty acids has been described by a number of

investigators,*®' and recently Wyman and Barken-

bus^* have described a process for the fractional distillation of

small amounts of the methyl esters of the higher saturated acids.

Andr4 " has reported that the fractional distillation of a mixture

of methyl oleate and methyl linoleate gives only an imperfect

separation. The use of fatty acid distillation methods in the

analysis of fats has been ably reviewed by Longenecker.^^ The
preparation of pure methyl linoleate by a chromatographic ad-

sorption procedure employing aluminum oxide has recently been

investigated.^*

Properties of the Fatty Acid Esters of Monohydric
Aliphatic Alcohols

The physical properties of the fatty acid esters have received

almost as much study as those of the fatty acids themselves, and
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many of our present views on the structure of long-chain com-

pounds have been developed through investigations upon the

properties of these esters. It should be mentioned, however, that

there are still many unanswered questions concerning the ph3r8ical

properties of the fatty acid esters, and that much more work is

indicated. With the esters, as with the acids and most of their

derivatives, we encounter pol3anorphism and, in certain series,

alternation in properties, both of which phenomena can undoubt-

edly be rationally explained by molecular-structure studies. For

obvious reasons, most of the data which have been reported on the

physical properties of the fatty acid esters have been obtained on

the methyl and ethyl esters of the saturated fatty acids. When a

compound is capable of existing in two or more pol3rmorphic forms

we frequently find some confusion in the literature concerning cer-

tain of its physical properties, and it is only when the various

polymorphic forms are clearly recognized that this situation can

be clarified. Fortunately, with most of the fatty acid derivatives

the stable or higher-melting form is easily realizable and is the one

most frequently encountered. However, certain notable excep-

tions to this generalization have been observed and are discussed

in later chapters. In considering the fatty acid esters it seems

advisable, therefore, to discuss first the properties of the stable

or higher-melting forms, particularly because of the usefulness of

these data. It should be borne in mind that the subsequent dis-

cussion of the other polymorphic forms and the relationship be-

tween the molecular structure and physical properties of these

esters is important; in fact, it forms an essential background which

must be appreciated before we obtain any complete understanding

of this group of compounds.

Esters of the fatty acids generally possess lower melting points

than the acids themselves. In certain series the melting points

alternate, the value depending upon whether the acid contains

an even or odd number of carbon atoms. Esters of the lower

molecular weight acids are liquids and frequently possess quite

low freezing points. The esters of acids such as palmitic and

stearic are crystalline solids, whereas those of the higher molecular

weight acids are frequently waxy. Those of the high molecular

weight alcohols and acids are found in nature in certain waxes, and

synthetic esters prepared from the higher alcohols and the higher

acids resemble waxes in appearance.
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All the fatty add esters of the monohydric alcohols are quite

soluble in organic solvents. The esters are, in general, more solu-

ble in non-polar than in polar solvents; for example, most esters

are more soluble in benzene or carbon tetrachloride than in ethanol

or acetone. The higher the molecular weight of the ester the less

its solubility in both polar and non-polar solvents, and the solu-

bility of an ester in a specific solvent is in inverse ratio to its

melting point. Thus the ethyl, propyl, and butyl esters of an acid

will be somewhat more soluble than the methyl ester, because of

the higher melting point of the latter. Unsaturation is accom-

panied by a greatly increased solubility especially in the non-polar

solvents. The solubility behavior of the high molecular weight,

waxy esters somewhat resembles that of the paraflSns. Because

of a reduced tendency towards hydrogen bonding, the solubility

characteristics of an ester in an organic solvent are more predict-

able than those of an acid or many of its derivatives.

The melting or freezing points, boiling points, densities, and

refractive indices are the most frequently recorded and useful con-

stants of the fatty acid esters. The physical constants of the

methyl and ethyl esters of the saturated fatty acids are compiled

in Table III. The melting points recorded in this table correspond

to the high-melting or stable form of the esters.

A number of fatty acid esters of the higher alcohols have been

described in the literature. The physical constants of some repre-

sentative esters of this type are shown in Table IV.

The melting or freezing points of the esters of a saturated acid

generally decrease, with increase in molecular weight of the alcohol,

to a minimum with the butyl ester. Further increase in the molec-

ular weight of the alcohol yields esters of higher melting points.

This is illustrated by the freezing points of several esters of hepta-

noic acid studied by Bilteiys and Gisseleire,^* the following values

having been reported: methyl ester, —65.8°; ethyl, —66.3°;

propyl, —64.8°; butyl, —68.4°; pentyl, —49.5°; hexyl, —47 9°;

heptyl, —33.3°; and octyl, —21.5°. It is further illustrated by
the melting points of the esters of palmitic and stearic acids as

follows: (palmitic acid esters) methyl, 30.5°; ethyl, 26°; propyl,

20.4°; butyl, 18.3°; pentyl, 19.4°; octyl, 22.5°; (stearic acid esters)

methyl, 39.1°; ethyl, 33.9°; propyl, 30.5°; butyl, 27.5°; pentyl, 30°;

octyl, 31.8°.

Ruhoff and Reid ^ have prepared a series of isomeric esters con-

taining sixteen carbon atoms, ranging from methyl pentadecanoate
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TABLE IV *

Physical Constants of Higher Alcohol Esters of Fatty Acids

Acid Ester

Butync Ptentyl

Hexyl

Heptyl

Octyl

Valeric Butyl

Hexyl

Heptyl

Octyl

Caproic Propyl

Butyl

Pentyl

Hexyl

Heptyl

Octyl

AUyl

Enanthic Propyl

Butyl

Pentyl

Hexyl

Heptyl

Octyl

Caprylic Propyl

Butyl

Pentyl

Hexyl

Heptyl

Octyl

AUyl

Pelargonic Heptyl

Capric Butyl

Heptyl

Undecanoic Heptyl

Laurie Butyl

Heptyl

M.P ,«C.

-73.2 t

B.P.,"C.

-78.0 t 207.88

-57 5 t 225.87

-39.1 t 198.80

-92.8 t

-63.1 t 226.30

-46 4 t 245.21

-42.3 t 261.6

-74.0 t 187.5

-63.1 t 207.74

-50 Of 226.16

-55.25 t 245.43

-34.4 t 260.97

-28.4 t 275 2

186-188

-64.8 t 207.94

-68.4 t 226.18

-49.5 t 245.44

-47 9 t 260.89

-33 3 t 227.21

-21.5 t 290.75

-46 2 t 226.43

-42 9 t 245.02

-34 8 t 260.21

-30.6 t 277.44

-10.2 t 290.6

-15 1 t 306 8

225-230

162i2

-20 t

-20.5 t 170-17212

1683

*D

0.85670** 1.41875“
0.85549** 1.42279“
0.85492** 1.42674“

0.85524** 1.42286“
0.85426**

0.85361*®

1.42635“

0.85872** 1.41401“
0.85685** 1.41877“

0 85526** 1.42280“

0.85414** 1.^637“
0.85330** 1.^934“
0.85259** 1.43256“

0.85705** 1.41894“

0 85553** 1.42280*®

0.85427** 1.42627“
0.85327*®- 1.42939“

0.85277*® 1.43183“

0.85200*® 1.43488“

0.85773** 1.42351“
0.85479** 1.42647“

0.85345*® 1.43019“

0.85270** 1.43230“

0.85204*® 1.43492“

0.85172*® 1.43698“

0.8654'J 1.4361®*

0.8652i| 1.4399®*

0.8632“ 1.439®*

0.8635i{ 1.441®*

-4.8
-2.0 1 184i2

* The values recorded in this table have been reported by Gascard, Ann,

chtm. [9], 16, 332 (1921); Heiduschka and Ripper, Her., 56, 1736 (1923);

Lievens, BtHl, soc, chim, Belg.j 83, 122 (1924); Deulofeu, J, Chem, Soc,, 528

(1928); Bilterys and Gisseleire, BvU, soc, chim. Bdg.j 44, 567 (1935); Roger

and Dvolaitskaya, Recherchea, 1, 79 (1937).

t Denotes freezing point.
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TABLE IV (Continued)

Phtbigal Constants of Highbb Alcohol Esters of Fattt Acids

Acid Ester M.p.,®a B.P.,*C. <24 Ad

Myristic Butyl

Heptyl

1.0

IQOs 0.8621',t 1.4431“

Palmitic Butyl

Heptyl

27.5

205 0.8642ii 1.4481“

Octyl 22.5 1.4368“

Decyl 30

Dodecyl 41

Tetradecyl 48

Pentadecyl 55.5

Hexadecyl 56.5 1.4410“

Tnacontyl 72

Stearic Butyl 27.5 220-225u
Pentyl 30 360

Heptyl 216s 0 8661|; 1.4505“

Octyl 31.8 1 4373“

Hexadecyl 51.6 1.4398“

Heptadecyl 64.6

Hexacosyl 73

Tnacontyl 76

to pentadecyl formate, and have observed the variation in melting

points and other properties which occur in such a series. This

group is of interest in showing the effect of structure upon the

physical properties of an ester. The boiling points reach a mini-

mum with the S3mimetrical ester, octyl caprylate; however, the

melting points and other properties show rather wide fluctuations.

The physical constants reported by these authors for this series of

esters are shown in Table V.

Gascard " has described the preparation and properties of

several of the higher molecular weight esters, examples being

myricyl melissate, m.p. 90.5®, and ceryl cerotate, and has reported

that such esters resemble waxes in appearance. Brigl and Fuchs

have also undertaken the synthesis of several higher esters; how-

ever, the values reported for their constants are probably subject

to some revision. Graves ^ has accomplished the preparation of

esters such as lauryl laurate, m.p. 21®, and stearyl laurate, m.p. 37®,

by reaction of the respective alcohols and acids. Pickard and
Kenyon ** have prepared a number of fatty acid esters of alcohols

of the general formula MeCH(OH)R, in connection with their
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studies upon the dependence of rotatory power on chemical con-

stitution. Somewhat later, Kenyon ^ prepared and studied a

series of fatty add esters of alcohols of the general formula

EtCH(OH)R.
The reaction of acid chlorides on mercaptans yields thio esters,

the preparation and properties of which have been described.^*

TABLE V

Physical Constants of Isomeric Esters

C Atoms
in C Atoms

Alkyl in

Group Acid 6soi®C. M.P.,»C. nS d?

1 15 199.0 15.46 1.4390 0.8618

2 14 195.0 11.94 1 4362 0.8573

3 13 194 0 -5.74 1.4357 0.8555

4 12 194 0 -6.84 1.4354 0.8555

5 11 193 0 -21.17 1.4356 0.8560

6 10 193.0 -17.67 1.4351 0.8553

7 9 192.5 -15.54 1.4350 0.8553

8 8 192.5 -18 08 1 4352 0.8554

9 7 193 0 -11.14 1 4352 0.8552

10 6 193.0 -19.29 1.4353 0.8552

11 5 193 5 -23.14 1.4358 0.8560

12 4 194 5 -22.64 1.4353 . 0 8562

13 3 195 0 -0 42 1.4363 0 8574

14 2 197 0 14.00 1.4373 0.8581

15 1 201,5 13.69 1.4399 0.8618

The reported values for the physical constants of these thio esters

are shown in Table VI.

Most of the esters of the imsaturated fatty acids are liquid at

ordinary temperatures. Because of the comparatively greater

difficulty in obtaining these acids in a state of purity, the constants

which have been reported for their esters are probably not so

reliable as those recorded for the esters of the saturated acids.

Table VII shows some of the values which have been reported for

esters of oleic and elaidic acids.

Chemoyarova ^ has prepared a series of esters of petroselinic

acid and of 10- and 7-octadecenoic acids and has reported the fol-

lowing constants (b.p., c^, n^). Petroselinic acid esters: methyl,

196-197®8, 0.8767, 1.45016; isopropyl, 192-194°5-6, 0.8688, 1.46116;

butyl, 20a-204°e-7, 0.8673, 1.46267; isoamyl, 216-217°5-6, 0.8682,
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1.45357
;
octyl, 236-239°(^7, 0.8652, 1.45417. lO-Octadecenoic acid

esters: propyl, lOS^io, 0.8702, 1.45187 ;
butyl, 216-218®8, 0.8657,

1.44956; amyl, 247-250“i6-i6, 0.8670, 1.45257; octyl, 240-241V7,

0.8642, 1.45367. 7-Octadecenoic acid esters: methyl, 193-195°8i

0.8743, 1.45257; propyl, 205-208“io, 0.8704, 1.45167; butyl,

219®
10, 0.8662, 1.45217; amyl, 220-222®8, 0.8700, 1.45317. Methyl

linoleate has been reported " to have the following physical con-

TABEE VI

Properties op Esters op Aliphatic Thio Acids

Ester M.P. or B.P.,®C. dT
60no

Me thiolaurate 112-1151 0.8734 1.4426

Et 115-117i 0.8645 1.4478

Pr 126-128i 0.8610 1.4478

Bu 133-1351 0.8525 1.4423

Me thiomyristate

Et

34-35 0.8668 1.4507

134^1361 0 8602 1.4488

Pr 14»-150i 0.8568 1.4485

Bu 142-1511 0 8570 1 4501

Me thiopalmitate 44-45 0 8644 1 4521

Et 172-1751 0 8547 1 4513

Pr 27-28 0.8552 1 4507

Bu 22-30 0 8572 1 4505

Me thiostearate 50-51 0 8624 1 4526

Et 38-32 0.8550 1 4514

Pr 34-34 5 0 8508 1.4502

Bu 31-32 0 8534 1 4522

Pr tbiooleate 175-178i 0.8643 1.4577

slants: bo 05-0 1 145-150°, iiD 1.4594; and the ethyl ester," 62 5

175°, be 193.5°, 0.8846, df 0.8876, w??® 1.4578, 1.4542.

McCutcheon has observed the following constants for ethyl

linolenate: 62.5 173°, 0.8958, dl® 0.8890; and Ault and

Brown " have report^ bi_2 200-205° and n© 1.4723 for methyl

arachidonate.

A number of esters have been prepared from a-linoleic acid

tetrabromide and from a-linolenic acid hexabromide, and their

constants are of interest in the purification and identification of

these products. The following melting points have been re-

ported®® for the esters of a-linoleic acid tetrabromide: methyl,

56-60°; ethyl, 58-60°; propyl, 45-50°; isopropyl, 50-52°; and allyl,

72-80°. Stanfield and Schierz ®^ have prepared a series of esters

of a-linolenic acid hexabromide and have reported the following
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melting points: methyl, 167-158®; ethyl, 151.5-152.5®; propyl,

144-146®; isopropyl, 141-143®; butyl, 143-143.1®; isobutyl, 136-

138®; ter^butyl, 162.0-162.6®; amyl, 136.0-135.2®; hetyl, 132.6-

132.8®; heptyl, 132.6-132.8®; and octyl, 128-129®. Vdues in

TABLE VII •

Physical Constants of Esters of Oleic and Elaidic Acids

Ester M.P.,“C. B.P.,“C. n©

Oleatee

Methyl 19.9 212-21316 0.87341®*® 1.4522“

Ethyl 216-217i6 0.87019 1.44729**

Propyl 216-220i4 0.86399 1.44719“

Isopropyl 223-224i5 0.86438 1.44488“

Butyl 227-228.510 0.86574 1.44799“

Isobutyl 225-227io 0.86487 1.44659“

t-Butyl 223-224.510 0.88957 1.45819“

Isoamyl 223-224io 0.86516 1.44769“

i-Amyl 223-225 5io 0.88997 1.45512“

AUyl 219-22O10 0.88125 1.45349“

Heptyl 2I63 0 8694i| 1.4539“

Elaidaiee

Methyl 213.5-21516 0.87025 1.44619“

Ethyl 217-218.515 0.86645 1.44488“

Propyl 227-227.516 0 86681 1.44538“

Isopropyl 224r-225i6 0.86218 1.44378“

Butyl 228-22910 0.86260 1.44649“

Isobutyl 227 . 5-22810 0.86073 1.44468“

<-Butyl

Isoamyl

224-22510

234-234 5io 0.86212 1.44599**

^•Amyl

AUyl

225—22610

219 5-22I10 0.87616 1.45119“

*The values recorded in this table have been reported by Koyama, J,

Chem. Soc Japan, 62, 768 (1931); Plisov and Golendeev, Rep U S S.R. Fat

and Margarine Inst

,

No 2, 3 (1935); Roger and Dvolaitskaya, Recherches, 1,

79 (1937); Wheeler and Riemenschneider, Chi & Soap, 16, 207 (1939).

agreement with some of the above have been reported by Vincente

and West.®2 Methyl and ethyl brassidates have been stated®*

to melt at 34-35® and 29-30®, respectively. Methyl stearolate

melts at —3® and boils at 204-206® at 20 mm.
;
the ethyl ester boils

at 215-216® at 20 mm. The isoamyl and isobutyl esters of diiodo-

behenolic acid solidify at 6® and 14®, respectively.®®

The most frequently encountered esters of the hydroxy acids are

those of ricinoleic acid. Brown and Green ** have prepared pure



LO THE FATTY ACID ESTERS

lethyl ricinoleate by the low-temperature fractional crystallisation

f the methyl esters of castor oil fatty acids and have reported the

allowing constants: m.p., —4.5®, 1.4628, [a]^ 6.19® (Me2CO).

lie following constants have been observed for the ethyl ester:

M 193-194®, dSo 0.9182, 1.4595; and for its acetate, 62-3 196®

nd riD 1.452. The boiling points of the isopropyl and isobutyl

sters of ricinoleic acid are 611 233-236® and 610 239-240®, respec-

Lvely. Physical constants®® for the propyl ester are 613 268®,

“ 0.9079, and n© 1.4573; and for the heptyl ester, 610 295®,

1.8985, and nf) 1.4566. Milhle ^ has reported that ethyl ricin-

laidate melts at 16® and that methyl and ethyl ricinstearolate

>oil at 225® and 230® at 12 mm., respectively. Ethyl diiodoricin-

tearolate, prepared either by the iodination of ethyl ricinstearolate

»r by the esterification of diiodoricinstearolic acid, melts at 3l°.«8.«®

?he melting points of the esters of dihydroxystearic acid prepared

rom ricinoleic acid ^ form two distinct melting point curves, one

or the odd- and one for the even-membered esters, the hexyl ester

xhibiting the lowest melting point. The following melting points

^ere reported for these esters: methyl, 110®; ethyl, 106®; propyl,

00.6®; butyl, 93®; pentyl, 93.7®; hexyl, 92.2®; heptyl, 94.3®; octyl,

13.4®; nonyl, 95.4®; decyl, 94.9®; dodecyl, 95.6®; tetradecyl, 96.6®;

lexadecyl, 97.4®; and octadecyl, 92.2®.

Any discussion of the esters of the hydroxy acids would be in-

complete without reference to the various polyesters which result

rom the intermolecular esterification of the hydroxy acids. Com-
nents have already been made upon the polyricinoleic acids which

ire obtained by the interesterification of ricinoleic acid. The
various polyesters which result from the interesterification of the

erminal hydroxy acids, however, are probably the most interesting

examples of this class. Such polyesters are found in nature as the

itholides and have been discussed previously. The synthesis of

polyesters from oh-hydroxydecanoic acid was simultaneously inves-

tigated by Chuit and Hausser ^ and by Lycan and Adams,’^ the

atter of whom reported the sole product obtained by heating

o-hydroxydecanoic acid in either the presence or the absence of

catalysts to be chain polyesters of the general formula

H0(CH2)»C02[(CH2)*C02]n(CH2)a?C02H. The polyesters are

^hite powders which are soluble in many organic solvents but are

completely insoluble in water and ether. The molecular weights

ranged from 1000 to 9000 depending upon the time and conditions

employed for the esterification. A twenty-two-membered, di-
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meric lactone of co-hydroxydecanoic acid was prepared by the diy

distillation of the product obtained by the action of acetic anhy-

dride on potassium a>-hydroxydecanoate. Prolonged heating of

the polyesters yields esters of quite high molecular weight which

are tough, opaque solids becoming transparent at elevated tem-

peratures.^’ These esters are capable of being drawn into threads.

Carothers and Van Natta^^ have prepared polyesters from «-

hydroxydecanoic acid which range in molecular weight from 780

to 25,200, the melting points varying from 60-67° to 75-80°;

4®, 1.0957 to 1.0621; and 1.4494 to 1.4515. The influence of

molecular weight on the physical properties of these polyesters was
investigated by these authors. Strong, oriented fibers are obtained

from those esters having molecular weights above 9330.

The preparation and properties of methyl 12-ketostearate, m.p.

42.5°, and of butyl 12-ketostearate have recently been described by
Cox.^’

Several esters of the cyclic acids have been prepared. Methyl
hydnocarpate is a solid which melts at 8° and boils at 200-203° at

19 mm.; the ethyl ester boils at 211° at 19 mm.^* The following

physical constants have been reported 77,78,79,80 alkyl esters

of chaulmoogric acid: methyl ester, m p. 22°, 620 227°, 0.9119,

Wif -h50°; ethyl ester, 620 230°, d\l 0.90741, [a]^ +50.7°; isoamyl

ester, 620 225°; octyl ester, 60 214.6°; and allyl ester, 65 222.3.

Ethyl iododihydrochaulmoograte melts at 35-36°.*^ Chaulmoogiyl

chaulmoograte has been prepared ^ by the esterification of chaul-

moogryl alcohol with chaulmoogric acid. The reduction of chaul-

moogric acid by sodium in amyl alcohol yields both chaulmoogryl

alcohol and chaulmoogiyl chaulmoograte, m.p. 42°, [aJo +55.4°.

Since the dicarboxylic acids possess two replaceable hydrogens,

two series of esters are obtainable, depending upon whether one or

both of the hydrogens are replaced. Esterification of the dicar-

boxylic acids is attended by a very substantial drop in melting

points. The monoesters have higher melting points than the

diesters, and the diethyl esters possess lower melting points than

the dimethyl esters. It is interesting to note that although the

melting points of the dicarboxylic acids and possibly of4heir mono-
esters fall upon two curves, the melting points of the diethyl esters

fall upon a continuous curve.” It has been suggested ” that the

diethyl esters exist as single molecules, whereas the acids and the

monoesters form double molecules. Table VIII shows the physical

constants of some of the more important methyl and ethyl esters

of the dicarboxylic acids.
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The following values have been reported for the melting

points of the dimethyl and diethyl esters of some of the higher

dicarboxylic acids: (C content of adds, m.p.) dimethyl esters:

Ci3 , 33.2^ Ci4 ,
43°; C15,

43°; Cie, 51.6°; Ci7 ,
62.3°; Cig, 60°;

Ci9 ,
60.2°; diethyl esters: C13 ,

20°; Cu, 27°; C15 ,
30°; Cie, 39°;

C18 ,
48.2°; Ci9 ,

49.2°; C22 ,
56°; C30,

74°; C34 ,
80°. Chuit “ has

determined the boiling points and densities of a number of the

dimethyl and diethyl esters of the higher dicarboxylic acids, and

the boiling points of the di-icr<-butyl esters of the dicarboxylic

acids from malonic to sebacic acid inclusive have been reported by
Backer and Homan.*® The following constants have been re-

ported ^***^ for the propyl and butyl esters of adipic acid: propyl,

64 146°, 1.0574, 1.4401; butyl, 64 155.6°, df 1.0377,

1.4418; dipropyl, m.p. -20.25°, bie 155°, df® 0.9790, 1.4314;

dibutyl, m.p. -37.6°, 64 145°, df 0.9652, 1.4369.

Relationship between the Structure and Physical Properties

of Fatty Acid Esters, Polymorphism

The zigzag arrangement of carbon atoms in an alkyl chain, the

alternation in physical properties in the solid state, and the sig-

nificance of polymorphism as evidenced by x-ray and thermal

studies have been discussed in general terms in a previous chapter.

The many investigations which have been made upon the methyl

and ethyl esters of the fatty acids have not only contributed greatly

to our knowledge of the esters themselves but have also afforded

us a much better insight into the structure of long-chain compounds

in general. It is largely by an appreciation of the structure of these

esters as revealed by x-ray measurements that we are able to corre-

late the physical properties of their various polymorphic forms and

to interpret many of the physical data which have been obtained

concerning them.

In 1923, Shearer ** observed that the increase in length per CH2

group for the methyl, ethyl, octyl, and cetyl esters of palmitic acid

is 1.22 A, as compared to an increase of 2.0 A per CH2 group for

the acids themselves. The measurements of the long spacings of

these esters indicate that they exist as single molecules, thus

being distinguished from the acids. Francis, Piper, and Malkin **

have determined the long spacings of the ethyl esters of the satu-

rated acids from palmitic to triacontanoic acid inclusive to be as

follows: (C atoms in acid, long spacing in A) 16, 22.9; 17, 24.6;

18, 25.8; 19, 26.8; 20, 27.6; 21, 29.2; 22, 30.1; 23, 31.36; 24, 32.1;
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26, 33.6; 26, 34.6; 27, 36.8; 28, 37.0; 29, 38,0; 30, 39.2. Probably

the most significant finding of these authors is that the measure-

ments of the long ciystal spacings of equimolar mixtures of these

esters give values appreciably greater than those for either of the

components. Thus an equimolar mixture of esters containing

nineteen and twenty-two carbon atoms gives a spacing correspond-

ing to a C24 ester, whereas a C22 and C24 ester mixture gives a

spacing corresponding to a C26 ester. In a continuation of this

study, Malkin “ and others found that the ethyl esters of the

saturated acids exist in two modifications, one of which is stable

only in the vicinity of the melting point. The transition of this

metastable form is greatly retarded in the case of mixtures, and

since its spacing is longer than that of the stable form the longer

crystal spacings which are observed in equimolar mixtures of the

ethyl esters are explainable. Previously melted samples of the

pure esters which are held just below their melting points diow

the longer crystal spacings of the metastable form when examined

by X ray, whereas pressed samples cooled to room temperature

show the shorter spacing of the stable form. The spacings ob-

served by Malkin for the two modifications of the ethyl esters from

ethyl palmitate to hexacosanoate are shown in Table IX.

TABLE IX

Long Spacings of Ethyl Esters in Angstroms

No. of C Atoms in Acid

16 17 18 19 20 21 22 23 24 25 26

Pressed 23.0 24.6 25.5 26.8 28 0 29.2 30.1 31 4 32.1 33 9 34.6

Melted .. 27.1 28 6 29.8 31 3 32.4 . ..

Differences in the spacings are due to the angle of tilt of the

carbon chain with respect to the terminal group, the shorter

spacings corresponding to an angle of 67^30^ and the longer to an

angle of 90^. King and Garner^ have stated that the angle of

tut is 64®26' for the /S-esters (tilted) which contain from twenty to

twenty-six carbon atoms. Since the vertical modification is

assumed in the vicinity of the melting point, we have an explana-

tion of the previously confusing observation that the ethyl esters

possess a tilted chain and yet do not exhibit alternation. The
cooling curves of the ethyl esters from ethyl margarate upward
show two distinct arrests, the liquid first solidifying to a trans-

parent solid and then becoming opaque. These arrests are accom-



THE SIMPLE ALKYL ESTERS 515

panied by changes in the crystal spacings as described above. It

has been stated by Malkin that the transparent form of the ethyl

esters is somewhat more stable for esters of the odd acids than for

those of the even acids. Buckingham ** has postulated that the

freedom of movement of the hydrocarbon chains in the vertical

forms is much greater than in the tilted forms, which accounts for

the observation that the heats of crystallization per methylene

group are much lower and the specific heats much higher in the

former than in the latter modification. The thermal properties of

the ethyl esters have been investigated by King and Gamer,*®*“

who reported that the ethyl esters of the even acids give two melt-

ing point curves which cross in the neighborhood of the twenty-

carbon ester, the equations being as follows:

and

Tn.

Tn.

0.763011 + 0.63

0 00179n + 0.01475
up to 71 = 20

0.7081n - 3.28

0.001796n - 0.0012
above n 20

The melting points of the ethyl esters of the odd acids are expressed

by the equation

« 0.8389/1 - 5.58

0.00224/1-0.00904

The two equations for the even esters are occasioned by the

fact that the melting point curves for the a- and /S-forms cross in

the neighborhood of the twenty-carbon ester, the o-modification

of the higher members being stable at the melting point. Phillips

and Mumford have stated that both the cooling and the heat-

ing curves of ethyl esters of the fatty acids containing an odd
number of carbon atoms show two distinct arrests, one at the

setting point of the a-form and the other at the point at which

this form changes reversibly into the opaque jS-form, the a-form

being stable between these two temperatures. The change is

enantiotropic and in such esters the a- or transparent form is the

stable form in contact with the melt. Only the cooling curves of

the ethyl esters of the even acids up to C20 show two arrests, the

change being monotropic, and the a-form of these esters is, there-

fore, unstable in the vicinity of the melting point. In the examina-

tion of the thermal properties of ethyl caprate, laurate, and stearate

it was observed that only the j8-form is readily obtainable. A
later study** upon ethyl tridecanoate showed that it does not

crystallize from the melt in the metastable, transparent a-form.
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but in the stable, opaque form before the a freezing point is

reached. The fi melting point and the a freezing point curves of

the odd esters intersect just below ethyl pentadecanoate, the

melting points of the lower odd esters being below the a freezing

point curve. Thus such esters, if polymorphic, will exhibit monot-

ropy. In consideration of the above findings it appears that the

ethyl esters fall into three categories, as follows: (1) for esters con-

taining thirteen or less carbon atoms, the jS- or opaque form is

stable with the melt and the a-form is difficultly realizable; (2) for

esters containing between thirteen and nineteen carbon atoms, the

a-form of the uneven esters is stable in the vicinity of the melting

point, whereas the a-form of the even esters is metastable; (3) for

esters containing more than nineteen carbon atoms, the a-form of

both even and odd esters is stable in the vicinity of the melting

point. The polymorphic forms of the ethyl esters, their heats and

temperatures of transition, and their relative ease of realization

have been studied by van Bellinghen,*^ and the reader is referred

to this article for an extensive treatment of the subject.

The melting points and heats of crystallization of the tilted,

/^-modifications yield an alternating series whereas those of the

vertical, a-form are non-altemating. The thermal properties of

the ethyl esters of the saturated fatty acids are shown in Table

XXVI, Chapter V. The transition temperatures which have been

reported for several of these esters are as follows: ethyl palmitate,

21°; margarate, 9.5°; stearate, 25.5-26.0°; nonadecanoate, 24.3-

24.7°; eicosanoate, 32-33.5°; and behenate, 34.5°. It has been

pointed out that the heats of crystallization of the even esters vary

lineally with the number of carbon atoms, although it should be

observed that there is a change of slope at n = 20, which has been

attributed to a difference in the manner of orientation of the ester

group in the crystal lattice.

The methyl esters, in contrast to the ethyl esters, crystallize in

double molecules. This indicates that the methyl group has a

binding power similar to, but probably much weaker than, that of

the hydrogen of the adds. Malkin ^ has stated that this satis-

factorily accoimts for the fact that the methyl esters melt at higher

temperatures than the corresponding ethyl esters. It might be

mentioned, however, that this does not explain the fact that the

melting points of the esters of a specific acid generally reach a
minimum with the butyl ester, unless one admits of some degree

of bonding in the ethyl and propyl esters. The methyl esters show
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evidence of polymorphism only with acids containing an odd
number of carbon atoms, one of the forms being stable in the

vicinity of the melting point. Table X shows the long spacings of

the methyl esters of the saturated acids as reported by Malkin.^

TABLE X

Long Spacings of Methyl Estebs in AngstbOms

No. of C Atoms in Acid

14 15 16 17 18 19 20 21 22 23

Pressed 38.8 41.8 43.2 46.5 47.8 51.2 56 2 55.6 56.7 60.4

Melted 38 8 23.6 43 3 26.0 47.8 28.4 30.9 .. .

It will be noted that the methyl esters of the even acids appar-

ently exist in only one modification, which appears to be bimolecu-

lar. The esters of the odd acids exhibit two forms, the stable

modification existing as double molecules and the unstable form

as single molecules. Calculations of the angles of tilt indicate the

chain to be inclined at 63^ and 67^30' for the even and odd stable

forms, respectively, and at 75° for the metastable form of the esters

of the odd acids. The cooling curves for the methyl esters of the

odd acids show two arrests, the transition apparently being re-

versible. On the other hand, the cooling curves for the methyl

esters of the even acids show only one arrest, an observation which

is predictable from their crystal spacings. The heats of crystalliza-

tion and specific heats of the methyl esters of several saturated

acids containing an even number of carbon atoms are shown

in Table XXVII, Chapter V. The thermal properties of most of

the methyl esters of odd acids have not been investigated. The
thermal constants of methyl nonadecanoate have been reported

to be as follows: heats of crystallization, vertical form, 10.24,

tilted form, 14.74 kg. cal /g.-mol. ; heat of transition, 4.63 kg. cal./g.-

mol.; specific heats, liquid, 0.51, vertical form, 0.45 cal./g.; transi-

tion temperature, 31°; setting point, 38.64°. The fact that the

heats of transition of the methyl esters are almost identical with

those of the ethyl esters has been stated to be quite difiBicult of

explanation, since the former apparently involves a change from

a single to a double molecule whereas the latter takes place without

any change in the degree of association. The melting points of

the methyl esters of the even acids may be expressed by the equa-

tion Tm = (1.083n - 4.15)/(0.002839n - 0.00185).
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The cr3rBtaI spacings of several of the mono- and diethyl esters

of the dicarboxylic adds are shown in Table XV, Chapter V. The
crystal spacings for the monoethyl esters of these adds indicate

that there are two molecules between reflecting planes, whereas

those of the diethyl esters contain only one molecule. The crystal

spacings of the diethyl esters show a constant increment per

methylene group.®* It has previously been observed that the

melting points of the diethyl esters of the dicarboxylic acids fall

upon a continuous curve, an observation which is significant in

view of the marked alternation exhibited by the acids.

Dielectric and Other Properties of Esters

The dielectric capacity of ethyl behenate has been reported

to faU upon solidification and also upon its transition from the

a- to the /8-form. Lewis and Smyth ®® have determined the

polarization and dipole moments of ethyl undecanoate, ethyl

palmitate, and ethyl stearate and have reported the dipole mo-
ments to be essentially identical for the three esters (/x X 10^® =
1.88). This value is similar to that previously observed ®® for

ethyl acetate in benzene solution. It was concluded, therefore,

that the long chains of these molecules do not hinder their free

rotation in an externally applied electric field. The difference

between the polarizations of a pure liquid ester and an ester at

infinite dilution decreases with increasing chain length, indicating

that long hydrocarbon chains reduce intermolecular action by
dilution of the dipoles.

The Raman spectra for several methyl and ethyl esters of the

saturated fatty acids have been reported Ellis has deter-

mined the surface tension and parachor values for ethyl palmitate.

Binary and Ternary Systems of Esters

The studies which have been reported upon the binary and
ternary systems of the fatty acid esters are of importance not only

because the information contributes materially to our knowledge

of these compounds but also because such studies are useful in ester

separation and in the evaluation of the purity of individual esters.

Smith has shown that the system formed by the a-modificationg

of ethyl palmitate and ethyl stearate is an imbroken series of solid

solutions possessing no maximum or minimum. Later, Phillipg

and Mumford stated that binary systems of the ethyl esters,

whether they involve even-even, even-odd, or odd-odd components,

form systems similar to the above. This was soon confirmed by
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the studies of Carey and Smith upon the ^sterns ethyl palmi-

tate-ethyl margarate and ethyl margarate-ethyl stearate. In

their investigation of systems involving ethyl margarate, Phillips

and Mumford observed that its admixture with a lower homolog

lowers its freezing point whereas admixture with a higher homolog

raises it, and thus a ternary mixture may exhibit a freezing point

similar to that of the pure ester. The temperature of the transition

a —> jS, however, is lowered by the addition of either a higher or a
lower homolog, as is also that of the reverse transition > a.

By determining the temperature at which the transition a
occurs, therefore, one can evaluate the purity of the ester. Thus,

the transition > a for ethyl margarate occurs at 20.6®, the

addition of an approximately 20% mole fraction of ethyl palmitate

or ethyl stearate lowering the value to 16.0® or 18.8®, respectively.

Systems involving both the a- and j^modifications of ethyl mar-

garate with its odd homologs exist as a series of solid solutions

without maxima or minima.®* In the case of odd-even systems,

however, the /8-modifications apparently exist as solid solutions

which exhibit a minimum. It was observed that in binary mixtures

of ethyl margarate with its homologs the cooling curves show two
arrests in the a-solid, thus indicating that the transition a —

> /8

may proceed through an intermediate modification. Mumford
and Phillips ®® have attempted to stabilize the a-forms of the lower

esters by admixture with the higher homologs and have observed

that the amount of the higher homolog required increases rapidly

as the series is descended. Thus, a-ethyl myristate is stabilized by
the addition of 3 5 mole % of ethyl palmitate, whereas a-ethyl

laurate requires about 13 mole% of ethyl myristate. The amount
of a lower homolog necessary for stabilization is much greater still;

for example, a-ethyl myristate requires 36 mole % of ethyl laurate.

In the system ethyl caprate-ethyl laurate the a-form was not

realized. The a-forms of the two component esters give a contin-

uous series of solid solutions irrespective of whether the compo-

nents contain an odd or even number of carbon atoms. Although

Cl arrests were observed in the cooling curves, this form could not

be isolated since it changes spontaneously in the case of ethyl

margarate into the high-melting /S-form. The system ethyl laurate-

ethyl myristate as determined by Mumford and Phillips is diown
in Fig. 1.

The s3rstem methyl palmitate-methyl stearate (Fig. 2) has been

investigated by Guy and Smith,^®* who have observed that the
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The system* ethyl laurate-ethyl mynstate.

The greater stability of the transparent oc-form is evidence of the

weakness of the components in forming double molecules. A
change in crystal lattice is indicated by a discontinuity in the

melting point curve between 60% and 60% of methyl stearate.

Mixtures which contain 25% to 90% of methyl palmitate crystal-

lize in transparent needles or plates which when rubbed may
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change into the opaque form. Attempts to locate the melting

points of the opaque form in this region are shown in the figure by
the filled circles. Near the extremes the mixtures first crystallize

in transparent plates which soon become opaque. Compound
formation is not evidenced in the figure; however, it is not excluded

since the system has not been completed.

From consideration of the above it is evident that although

considerable work has been done with these esters many moot
points still remain. Association in the stable modification of the

methyl esters, which is clearly evidenced by x-ray studies, has not

been correlated with the thermal measurements, and the mecha-

nisms of transitions and relative stabilities of the various poly-

morphic forms, both in the pure esters and in their mixtures, re-

quire further study.

Hydrolysis and Saponification of the Alkyl Esters

A kinetic study of the alkaline hydrolysis of several of the ethyl

esters has been made by Evans, Gordon, and Watson.^®® From a

consideration of their results on the basis of the equation

k = it was shown that changes in the velocity of

hydrolysis are due almost entirely to differences in the various

energies of activation, F apparently varying in accordance with

the inductive effect of the R group. In the alkaline hydrolysis of

these esters it was observed that there is a gradual rise in the

activation energy with increase in molecular weight of the ester.

The values of k at several temperatures and of the activation

energies of several of the ethyl esters investigated by these authors

are shown in Table XI.

TABLE XI

Alkaline Hydrolysis of Esters in 85% Ethanol

Ethyl Ester k2B X 10® kss X 10® JkBO X 10® F (cal.)

Acetate 6.21 13 6 38.7 14,200

Propionate 3.63 8.31 24.7 14,500

Butyrate 1.72 3.94 12.2 15,000

Isobutyrate 0.801 1.84 5.72 14,500

Valerate 1.92 4.42 13.3 14,700

Isovalerate 0.427 1.02 3.34 15,700

Caproate 2.07 4.81 14.5 14,800

Enanthate 1.79 4.06 12.7 15,000

Caprylate 1.84 4.30 13.3 15,000
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A subsequent investigation of the alkaline hydrolysis of such

esters in aqueous acetone confirmed the original observations that

the velocity of hydrolysis varies with changes in E, the factor P
rising with increase of E. It was noted that the velocity coefii-

dents decrease steadily to a constant value at ethyl valerate.

Since the velodty coefficient for this ester is close to that of ethyl

^lanthate, it is probably comparable with the coefficients of the

higher esters. A comparison of the rate constants of the saponi-

fication of ethyl laurate and ethyl but3)i:ate has confirmed the

statement that an increase in chain length beyond four carbon

atoms does not have a measurable effect upon the velodty of

saponification. The activating energy for the alkaline hydrolysis

of these esters is appreciably lower in the acetone-water than in

the ethanol-water system.

Add hydrolysis of the alkyl esters evidently proceeds by a

mechanism different from that of alkaline hydrolysis, since the

activation energy is constant for the straight-chain esters.^®^ The

velodty of hydrolysis, however, decreases with increase in molecu-

lar weight of the ester. Smith and Steele have subsequently

observed that the rate of acid hydrolysis decreases slightly with

increase in chain length of the esters and that substitution must

take place in the a- or jS-position to effect a substantial diminu-

tion in the rate constant. The reaction velocities at several

temperatures and the activation energies for the acid hydrolysis of

several esters as reported by Davies and Evans are sho\vTi in

Table XII.

TABLE XII

Acid Hydrolysis of Esters in 70% Acetone

Ethyl Ester ^24 8 X 10* ^86 0 X 10* A:44.7 X 10* E (cal.)

Acetate 4.47 10.9 24 7 16,200

Propionate 3.70 9.24 20 7 16,200

Butyrate 1.96 4.83 10.8 16,100

Valerate 1.79 4.45 10.2 16,500

Caproate 1 77 4.30 9 76 16,200

Enanthate 1.64 4.09 9.07 16,200

Capiylate 1 55 3.85 8.70 16,300

The mechanisms of the acid and alkaline hydrolyses of carbox-

ylic esters as proposed by Lowry are as follows:
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Add Hydrolysis

0 0-0
R— —OR' - R—(Ij—OR' -» R—i!>-OH + R'OH + H+

H—OH H+ H+<!)H i

Alkaline Hydrolysis

0 0-0
R—<!!;—OR' - R—(!)—OR' R—1;—OH + R'OH + OH"

OH- H—OH in i OH-

In interpreting their results, Davies and Evans have proposed

a somewhat different mechanism. These authors have assumed

that in alkaline hydrolysis the energy of activation is required for

the process

,o o-

R-^—OEt + OH- -* R—(!v-OEt

Ah

E is, therefore, the sum of the energies needed for the change
-I-

—

>C=0 — >C—O and for the approach of the hydroxyl

ion. Attention was called to the findings of Pauling and Sher-

man that the energy required for the change 0=0 is quite

small since the original ester resonates between the forms

0
/

R—

C

\
OEt

and R—

C

\+
OEt

The activating eneigy, therefore.

is largely a function of the force required to overcome the re-

pulsion between the ester molecule and the approaching ion.

The initial and final states were depicted as follows:

RCOaEt -f OH -» RCOO + EtOH

It was pointed out that in the acid hydrolysis of the esters tlie

eneigy of activation is needed nuunly for bringing up the water

molecule to the carbonyl carbon, the energy of activation being
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greater than that required for the alkaline hydrolysis. The initial

and final states are represented as follows:

RCOjEt + H+ + HOH RCOjH + EtOH + H+

Salmi has shown that the rate constants for the saponifica-

tion of the methyl esters of butyric and the higher acids are com-

parable with the rates of esterification. Constants for the velocity

of the acid hydrolysis of the methyl esters at 26® in the presence

of 0.2080JV’ HCl were reported by this author to be as follows:

butyrate, 0.00423; valerate, 0.00441; caproate, 0.00410; and enan-

thate, 0.00412.

Miscellaneous Reactions of Alkyl Esters

Polymerizations involving the alkyl esters of the unsaturated

acids do not differ fundamentally from those of the acids them-

selves. The polymerization of the methyl esters of certain highly

unsaturated acids has been investigated by Kino.^^* The pjrrolysis

of the alkyl esters generally yields complex mixtures which contain

unsaturated hydrocarbons. The formation of ethylenic hydro-

carbons by the pyrolysis of esters in the presence of aluminum
chloride has been investigated.^^^

THE FATTY ACID ESTERS OF AROMATIC OR CYCLIC
ALCOHOLS

In contrast to the alkyl esters of the fatty acids, only a compara-

tively few esters of the aromatic or cyclic alcohols have been

synthesized and characterized. One of the standard procedures

for the preparation of aromatic esters of fatty acids is the action

of the acyl chloride on the aromatic alcohol. Thus, phenyl oleate,

an oil, has been obtained by heating oleoyl chloride with phenol

at 130-140®. Cresyl esters may be prepared by a similar pro-

cedure. Marangoni has employed this method for the prepara-

tion of a number of esters of dihydric phenols and has reported

the following melting points: resorcinyl dilaurate, 43-44.5®;

dimyristate, 53®; dipalmitate, 62.6-63.6°; hydroquinyl dienan-

thate, 67-58®; dilaurate, 85-86®; dimyristate, 90-90.3®; dipalmi-

tate, 94.5®; and distearate, 97®. Several aromatic esters of the

dibasic acids have been synthesized by Marangoni; for example:

diphenyl suberate, m.p. 70-71®
;
azelate, m.p. 59-60®

;
and sebacate,

m.p. 65-66®. Hydroquinyl azelate and sebacate were described
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as white powders which decompose at 150^. Zanetti has pre-

pared esters of furfuryl alcohol and several of the lower molecular

weight fatty acids by the action of the respective anhydrides on

the alcohol. The following constants were reported for these

esters: furfuryl propionate, 5i 59-60°, do® 1.1085; butyrate, bi

69-70°, dg® 1.0530; and valerate, 5i 82-83°, 1.0284. A similar

procedure was employed for the preparation of a-tetrahydro-

furfuryl butyrate (64 102-104°, dg® 1.012) and valerate (62 97-99°,

dg® 0.999). The benzyl esters of several fatty adds have been

obtained by Shonle and Row,^^® who reported the following physical

constants for these compounds: benzyl laurate, m.p. 8.5°, &12

209-211°, 0.9457, 1.4812; myristate, m.p. 20.5°, 611 229-

231°, 41 0.9321, 1.4903; palmitate, m.p. 36.0°, 41 0.9136,

1.4689; stearate, m.p. 45.8°, 42 0.9075, 1.4663; and oleate,

67 237°, 42 0.9330, 1.4875. The synthesis of such esters by
the action of sodium soaps and benzyl chloride was subsequently

patented by Shonle and Row.^“

The action of chaulmoogroyl chloride and o-naphthol results in

a small yield of the a-naphthyl ester after heating for eight days

at 100°; higher yields of the jS-naphthyl ester, m.p. 49.5-51°, can

be obtained by a similar procedure.^®^ The phenyl esters of several

iodo fatty acids have been described.^®® The preparation of fatty

acid esters of cyclohexanol and mono- and dimethylcylcohexanol

has been accomplished by the esterification of the respective com-

ponents in the presence of small amounts of sulfuric acid.^®* The
cyclopentyl esters of the aliphatic dibasic acids have been pro-

posed ^ as plasticizers for synthetic resins, and p-cresyl caprylate

has been suggested as a perfume base. The sulfonation of the

phenyl esters of the fatty acids has been stated ^ to yield wetting

agents.

The phenacyl, p-chloro-, p-bromo-, and p-phenylphenacyl esters

have often been suggested as characterizing derivatives for the

monobasic “7' 12
®- and also the dibasic adds.!®®-!"

Such esters are generally prepared by the action of the salts of the

fatty acids on the respective phenacyl halides. The melting points

of many of these esters are reported in Chapter IV. Price and

GriflSth have recently reported the syntheses of the phenacyl,

p-bromophenacyl, and p-nitrobenzyl esters of a number of o-

hydroxy saturated acids.

The fatty esters of the terpene alcohols have been the subject

of several investigations. The molecular rotatory powers of the
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menthyl esters of a number of the saturated adds have been studied

by Hilditch,^’^ and simultaneously Christopher and Hilditch^^^

reported the results of an extendve investigation of the menthyl

esters of a number of o-bromo saturated adds. In a later study,

Brauns reported the following physical constants for several of

the menthyl esters: menthyl laurate, oil, dj® 0.8915, [oJd —46.07;

myristate, m.p. 21-22°, ^ 0.882, [0]^ —42.33; palmitate, m.p.

32°, df 0.8848, [a]^ -39.10; stearate, m.p. 38-39°, 0.8665,

Wi? —36.60; and arachidate, m.p. 55°, dt® 0.8566, [ajff —30.63.

Menthyl stearate had been synthesized previously by Beckmann
in 1897. The preparation of menthyl oleate by the action of oleoyl

chloride and menthol has been patented by Sulzberger. The
bomyl and isobomyl esters of the fatty adds have been the subject

of several patents.^"* Sobbe^^^ has reported that bomyl
palmitate melts at 67-68°.

SYNTHETIC ESTERS OF THE FATTY ACIDS AND THE
POLYHYDRIC ALCOHOLS

No subject in fatty acid chemistiy holds more interest than the

preparation and study of the fatty acid esters of the polyhydric

alcohols. The glycol esters, the mono-, di-, and triglycerides, and

the esters of polyhydric alcohols such as mannitol have been and

will continue to be a subject for research for many years. It is

only natural that the ^thetic glycerides have received the greater

amount of this attention. As a result of work upon the preparation

and study of glycerides of known constitution we have a better

understanding of the stmcture and properties of the naturally

occurring fats, which would in itself be ample justification for the

many investigations which have been made in this field. The
comparison of the natural with the synthetic glycerides has, un-

doubtedly, been the motivation behind much of the synthetic work

which has been done upon this subject. Viewed in a purely iso-

lated sense, however, the synthesis and study of these esters is a

fascinating subject which will never be devoid of interest. This

is shown by the facts that it has been only recently that reliable

methods have been proposed for the s3mthesis of mixed glycerides,

that many of the procedures formerly considered classical are now
looked upon with suspicion, and that the physical chemistiy of

the glycerides has only been pioneered. The following pages con-

tain a discussion of the syntheris, phyrical and chemical properties,
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pdymorphism, and allied phenomena of the fatty acid esters of the

glycols, glycerol, and other polyhydric alcohols. This considera-

tion has, in so far as possible, been confined to pure compounds or

to mixtures of known composition.

Fatty Acid Esters of the Glycols

The glycols form two series of esters, namely, the mono- and

diesters, depending upon whether one or both of the hydroxyl

groups are esterified. Esters of the symmetrical glycols differ from

those of glycerol in that the esterification of one hydroxyl group

can result in only one monoester; and likewise their diesters present

only one structural possibility irrespective of whether the acidic

groups are similar or dissimilar. The glycol esters can be obtained

by direct esterification of the glycols with the fatty acids or their

anhydrides, by the action of acid chlorides on the glycols, by the

reaction of soaps with halohydrins or dihalides, or by other esteri-

fication methods which have been discussed previously. Many
examples of the use of these various methods for the synthesis of

the glycol esters are recorded in the literature. Stephenson

has described the preparation of the dipalmitate of ethylene glycol

by the action of palmitoyl chloride on the glycol in the presence of

pyridine. The preparation of ethylene distearate by the action of

silver stearate or sodium stearate on the dihalide has been

described. Direct esterification is the most convenient procedure

for the preparation of the simple diesters and possibly for the

monoesters. Detailed directions for the preparation of both

mono- and diesters of ethylene glycol with palmitic, margaric, and

stearic acids have been published, together with procedures for

their separation.^®*' The esters are separated by virtue of their

relative solubilities in ethanol, the monoesters being appreciably

more soluble than the diesters. For example, 1.829 g. of glycol

monopalmitate dissolve in 100 g. of ethanol at 0^ as compared to

0.018 g. of the dipalmitate. In direct esterification reactions the

yield of diesters is generally much in excess of that of the mono-
esters. It has, however, been reported that the yield of mono-
esters can be appreciably increased by employing solvents in which

the glycol and the acid are mutually soluble. In a study of the

direct esterification of ethylene glycol by mixtures of lauric,

palmitic, and stearic acids with oleic acid it was observed that

the molar content of fully saturated esters approximates the

square of the molecular content of saturated acid in the acid
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mixture, an observation which is in line with probability con-

siderations. The velocities of esterification of ethylene glycol

with valeric, caproic, and enanthic acids in the presence of

hydrochloric acid approximate that with butyric acid under similar

conditions, the retarding effect of water being much less than for

similar esterifications with ethanol. The physical constants which

have been reported for several of the mono- and diesters of ethylene

glycol are ^own in Table XIII.

TABLE XIII

Physical Constants of Mono- and Diesters of Ethylene Glycol

Ester M.P.,‘»C. B.P.,®C.

Butyrate 98-100i4 1.4303“ 1.0321“

Pelargonate 143-144i4 1.4401“ 0.9618“

Dilaurate 49

Palmitate 51.5 1.4411®^* 0.8786*®

Dipalmitate 68.7 1.4378“’ 0.8594’®*

Margarate 50.2 1.4440“

Dimargarate 65 5 1 4392“ 0 8605*’ ’

Stearate 58.5 1.4310®*® 0 8780*

Distearate 75 1.4385’® 0 8581’*

The reaction between ethylene chlorohydrin and silver stearate

first yields 2-chloroethyl stearate,^®® CICH2CH2OCOC17H36, m.p.

48.5®, 1.4433, 0.9049. When this compound is heated

for several hours at 140® with silver palmitate, the mixed glycol

ester, ethylene palmitate stearate, m.p. 65®, 1.4391, dj®'

0.8584 is formed.

Many fatty acid esters of glycols other than ethylene glyco’

have been described. Howe has prepared the mono- and di

palmitates and -stearates of propylene glycol, MeCH(0H)CH20H
and the dipalmitate and mono- and distearates of trimethylenc

glycol, and has reported the following melting points for the lattei

compounds: dipalmitate, 56.2®; monostearate, 60.5®; and di

stearate, 64.7®. The preparation of esters of diethylene glycol

0(CH2CH20H)2, with fatty acids containing ten or more carboi

atoms has been described.^®® Clayton and Reid have preparec

several esters of thiodiglycol, S(CH2CH20H)2, and the lower fatti

acids, an example being the caproate, m.p. 7®, h^ 207®, nf) 1.0024

dS 1.0198. Handey has obtained a series of fatty acid esters 0

sym-dialkylethylene glycols such as diundecylethylene glycol b;

reduction of the respective fatty add acyloins and esterificatio:
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of the resulting glycols. The oleic acid ester of jS-methoxyethanol

has been prepared by North by the esterification of glycol

monomethyl ether with oleic add. The oxidation of the mono-

esters of ethylene glycol for the production of the respective ester

aldehydes has been described.^^ The continuous preparation of

glycol esters by heating a mixture of the glycol and fatty acids

under reduced pressure has been patented.^®^

Esterification of the glycols with dibasic acids yields polyestei^

of high molecular weight. Carothers and Arvin have prepared

a series of these polyesters by the esterification of dibasic acids

with 5% excess of ethylene glycol at 175-185® for three hours and

then at 200-250° under 0.2 mm. pressure for three hours, obtaining

esters having molecular weights varying from 2300 to 5000. The
melting points for these esters vary with the acid used and the

molecular weight of the ester. Later, it was shown that esters

of much higher molecular weight can be obtained by prolonged

heating of the reacting components in a molecular still or by heat-

ing in an inert atmosphere. The rate of polyesterification of deca-

methylene glycol with adipic acid in the presence of p-toluene-

sulfonic acid and of the alcoholysis of the polyesters with deca-

methylene glycol has been investigated by Flory ^®* by the appli-

cation of viscosity measurements. The rate constant for the

esterification was reported to be about eleven times that for the

alcoholysis, the activation energies being 12,150 and 11,150 cal.,

respectively.

Synthetic Glycerides

Although the terms mono-, di-, and triglycerides are misleading

as regards the actual structures of the compounds involved, they

are universally accepted as designating the mono-, di-, and triesters

of the fatty acids and glycerol. Since glycerol is a trihydric alcohol,

various structural isomers are possible for the mono-, di-, and

triesters, the only exception being a triglyceride in which the three

acyl groups are similar. In order to designate the actual positions

of ester groups within the glyceride molecule, the terms a, and

a' have generally been employed. This terminology has quite a

historical background; however, it is felt that the use of Greek

letters in this instance leads to possible confusion with the designa-

tions of polymorphic modifications and of positions in the alkyl

chain. In the following discussion, therefore, the positions wiU be

designated as 1, 2, and 3 since it is felt that this method more
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simply defines the relative positions of the acyl groups within the

glyceride.* The relationship between this terminology and the

structure of the glyceryl radical is as follows:

H

H—(!)— 1(a)

H—<!>— 2(j8)

H—<!;— SCaO

k
In the older literature the term y is frequently employed for 3(a')-

A glance at the glyceryl radical shows that if the acyl groups are

different the number of structural isomers possible increases with

the number of such groups present. If the acyl groups are the

same, however, the mono- and diglycerides can each exist as two
isomers, whereas only one structure is possible for the triglyceride.

For example, monostearin may exist as either 1- or 2-monostearin,

and the diester may be either 1,2- or 1,3-distearin. The glycerides

are quite frequently designated as ‘‘symmetrical” or “unsym-

metrical,” depending upon their molecular configurations.

Methods of Prepabation

Many methods have been proposed for the synthesis of glyc-

erides, some of which are applicable only to the preparation of

the simple triglycerides, such as tristearin, whereas others are

satisfactory for the synthesis of mixed glycerides of known con-

stitution. The first procedure employed for the preparation of

the glycerides was direct esterification. In 1854, Berthelot

obtained monostearin by heating glycerol and stearic acid in a

sealed tube for twenty hours at 200°, continued heating resulting

in the formation of distearin. The heating of monostearin with

an excess of stearic acid yields tiistearin. The direct esterification

of the fatty acids and glycerol has been extensively studied and

the method is frequently employed for the preparation of glyceride

mixtures. With the exception of the ample triglycerides, however,

direct esterification procedures are not satisfactory for the prepa-

ration of glycerides of definite constitution. Garner^®® has re-

ported essentially theoretical yields of simple triglycerides by
heating glycerol and fatty acids at 200° in the presence of carbon

* The writer is indebted to Dr. H. E. Longenecker for the suggestion that

this terminology be employed.



SYNTHETIC GLYCERIDES 531

dioxide. Zinc dust is frequently employed as a catalyst for this

reaction. Steger and van Loon have accomplished the complete

esterification of glycerol with petroselinic and petroselidinic acids

by heating the components for five hours at 180^ under a partial

pressure of carbon dioxide, zinc being present as a catalyst. The
triglycerides of nonanoic, undecanoic, tridecanoic, and other adds
have been prepared by a similar procedure.“^ Tripalmitin, tri-

stearin, and triolein have been obtained in 95-96% yields, by
heating one mole of glycerol with three moles of add at 30-40 mm.
pressure for three hours at 180°, and finally for two to three hours

at 240°. The synthesis of triolein by this procedure has been

described in detail, and it has been stated that this process

has been in commercial operation since 1891 for the preparation

of this ester. When mixed acids are esterified with glycerol the

product will consist of a mixture of the theoretically possible

glycerides. It has been reported that the esterification of an equi-

molar mixture of stearic and oleic acids with the theoretical

amount of glycerol for triglyceride preparation jdelds a product

which contains approximately 20% of tristearin.^^

When equimolecular amounts of a fatty acid and glycerol are

esterified the product does not consist exclusively of the monoester,

but contains appreciable quantities of both di- and triesters. The
relative proportions of these esters depend upon the conditions

employed for the esterification, and apparently to a considerable

extent upon the particular acid involved. A study of the reac-

tion of one mole of glycerol with one of palmitic acid showed that

di- and triglycerides are formed in substantial amounts in the

initial stages, which indicates that they may be intermediate

products in the formation of monoglycerides. A subsequent

study of the direct esterification of palmitic, stearic, and oleic

acids with glycerol was stated to confirm the observation that

monoglycerides are formed largely by the degradation of di- and
triglycerides. The nature of the acid appears to influence the

relative amounts of mono-, di-, and triglycerides formed under

such conditions. Kawai and Nobori have reported that one

mole of lauric, stearic, or oleic acid is completely esterified by
heating with glycerol for three hours at 230-240°; however, pro-

longed heating is necessary at 170-180°. The product formed from

lauric or oleic acid consists chiefly of mono- and diglycerides,

whereas that from stearic acid consists essentially of di- and tri-

^ycerides. The amount of triglyceride is greater in the product
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obtained at the lower reaction temperature. The esterification of

equimolar proportions of acid and glycerol at 180^ for several

hours, followed by a further treatment at 240-245^, has been

stated to yield a high proportion of mono- and diglycerides to

the exclusion of triglycerides. The relative amounts of mono- and
dioleins obtained by the direct esterification of oleic acid with

glycerd in the presence and absence of catalysts has been studied

by Kawai,^^* who also observed that the nature of the component
acids present in an acid mixture influences the relative amounts

of mono-, di-, and triglycerides formed. The preparation of mono-
and distearin by the direct esterification of stearic acid with glyc-

erol in the presence of sulfuric acid and the separation and puri-

fication of these products have been described in detail. The
relative rates of esterification of various saturated acids with glyc-

erol have been the subject of several investigations by Kailan

and coworkers.^^*-^” Hilditch and Rigg^®* have shown that the

direct esterification of equimolar amounts of glycerol and fatty

acids yields not only monoglycerides but also di- and triglycerides,

and that the relative amoimts of monoglycerides can be materially

increased by employing a medium in which both the glycerol and
the acid are soluble. They have patented a process by which

monoglycerides are prepared by direct esterification procedures in

the presence of catalysts and phenolic solvents. Richardson

has suggested the use of dioxane as a solvent for the reaction.

The simple triglycerides may be prepared by the action,of acid

chlorides on glycerol in the presence of acid-binding agents. An
example of this method is the preparation of tricaprylin by the

action of caprylyl chloride and glycerol in the presence of either

potassium hydroxide or pyridine.^*® The action of acid chlorides

on mono- and diglycerides of known constitution is often employed
for the preparation of mixed glycerides.^*®'

One of the earliest methods proposed for the synthesis of mono-
and diglycerides involves the reaction of glycerol halohydrins with

the sodium, potassium, or silver salts of the fatty acids. Since it

was supposed that the ester group attaches itself to the position

originally occupied by the halogen, this reaction was considered

reliable for the preparation of glycerides of known constitution.

Both Krafft i** and Guth described the preparation of 1-mono-

glycerides by the reaction of 1-halohydrins with silver salts of the

fatty acids, and Romburgh ^** studied a similar reaction with the

alkali salts. The preparation of 1,3-distearin by the action of 1,3-

dichlorohydrin and potassium stearate has been described.^*® The
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analogous reaction is not frequently employed for the preparation

of the simple triglycerides, although Bomer and Limpiich re-

ported the preparation of triheptadecanoin by the action of

potassium heptadecanoate on 1,2,3-tribromopropane. The ques-

tion of the reliability of such methods for the preparation of mono-
and diglycerides is discussed shortly.

It is quite apparent that the syntheins of a mixed triglyceride of

definite composition must involve reliable procedures for the

preparation of the intermediate mono- or diglyceride, and that the

subsequent reactions for the formation of the triglyceride must

proceed without rearrangement. A recognition of this fact by
workers in the field has resulted in many proposed methods for

the synthesis of the mixed triglycerides, and although many of

the earlier procedures are now known to be of doubtful value they

certainly merit discussion. Prior to 1920, the most important

methods were those developed by Griin and associates. In 1905,

Griin proposed the synthesis of S3niimetrical diglycerides by the

action of fatty acids on glycerol disulfuric acid, and two years

later Griin and Schacht announced the preparation of symmetri-

cal triglycerides by the action of acid chlorides or anhydrides on

these diglycerides. The reactions involved are as follows:

CH2OH CH2OSO3H

6hoh — ^ inoH

<!:hjOh djH^soj^i

CH2OCOR CHjOCOR
2RCO2H 1 R'COCl 1^ CHOH > CHOCOR'

iHsOCOR djlDHsOCOR

Concurrently, Griin and Theimer proposed the synthesis of

unsymmetrical triglycerides by a somewhat similar reaction which

first involves the preparation of an unsymmetrical diester of glyc-

erol 1-chlorohydrin as follows:

CH2OH CH2OSO8H CH2OCOR CH2OCOR
1 2H2SO4 1 2RCO2H I R'C02K i
(^HOH - - > CHOSO3H ^ CHOCOR ^ CHOCOR

ifija (ijHjCl <!)HjC1 djHjOCXJR'

The above reactions were accepted as reliable for a number of

years and many glycerides were synthesized by such procedures

and their properties recorded in the literature. The work of Fischer

and associates, however, proved such methods to be of questionable

value in many instances. If a monoglyceride RCOOCH2CHOH-
CH2OH be treated with two moles of an acid chloride R'COCl in

quinoline, the product should beRC00CH2CH0C0R'CH20C0R'.
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obtained from CHICHOCOR'CHsOCOR' by the replacement of

iodine by the hydnn^l group, should yield a tri^ceiide which is

identical with the above, flscher *** reported that these reactions

give products which are dissimilar, an observation which he at-

tributed to the migration of an acyl group to form a 1,3-diglyoeride

during the replacement of the iodine by hydroxyl. The action of

silver nitrite on 1-iododiglycerides is now an accepted method for

the preparation of ^mmetrical di^cerides. Fischer considered

that the shift of the a<^l group could occur through the formation

of a <7clic isomer, thus:

CHjOCOR CHjOCOR CHsOCOR

<!jhoc^^ ^ <!ni—(\ M daioH

<!)HjOH
^ <!:h*-ck^h djHjOcoR

The formation of diglycerides from chlorohydrins is, therefore,

not a simple exchange, but may be accompanied by a shift in the

relative positions of the acyl groups; likewise the replacement of

halogen by hydroxyl may be attended by a rearrangement. Fair-

boume has pointed out that migration of acyl groups appears

to take place most readily when other reactions are in progress,

as for example, in the elimination of a halogen atom from a glyc-

erol molecule. Various mechanisms for these migrations have

been suggested.^*®* For example, Fairboume, postulating the

occurrence of the Hantzsch type of carboxyl group, has presented

the following:

CHaBr

<!^sOCOR

C
O—CHf",

,RC^
I

Br-Ag—NO2
lo-CH—' ' -

<!;HjOCOR

/O—CH,

in-NO,

<!;hiCkx)r

CHjOCX)R

<!jhoh

(IjHiOCOR
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This mechanism does not require the presence of a hydroxyl group,

which is actively involved in Fischer’s representation. Whatever
the mechanism of this shift there are certain generalizations con-

cerning it which have proved to be of value. It is known, for

example, that in the monoglycerides the 1-position is favored, so

that the migration 2 1 is frequently encountered whereas the

reverse reaction does not take place. Likewise, migration in the

diglycerides always proceeds toward the formation of the sym-

metrical 1,3-diglyceride. This is exemplified in direct esterification

procedures, since 1-monogIycerides or 1,3-diglycerides are invari-

ably formed.^^^ It is thus apparent that the synthesis of 2-mono-

glycerides or 1,2-diglycerides presents appreciable difficulties, and

since such syntheses involve special procedures their preparation

is the subject of a later separate consideration. A similar sequence

was followed by Daubert and King in their recent review of the

synthetic fatty acid glycerides.

The question of the reliability of many of the methods for the

preparation of glycerides has led to an extensive restudy of several

of the older methods. In a study of the course of the substitution

reactions involving glycerol 1-iodohydrin and soap, Griin and

Limpacher reported that the product obtained by the action of

potassium stearate consists essentially of 1-monostearin, together

with free stearic acid and probably a distearoyl diglycerol. When
silver stearate is employed, however, the primary reaction product

is not 1-monostearin but stearic acid, glycidol, and stearoyl

glycidol. This reaction, therefore, yields a heterogeneous mixture

of glycerides of which 1-monostearin is only one of the components.

Bomer and Limprich^*® have reported that some tristearin is

formed along with 1-monostearin when glycerol 1-chlorohydrin is

heated with potassium stearate.

The fact that the substitution of halogen by an ester or hydroxyl

group frequently involves migration has rendered doubtful many
of the previously accepted methods. Reactions such as those em-

ployed by Griin®®® for the preparation of 2-monoglycerides, in-

volving the replacement of halogen by hydroxyl with silver nitrite,

or that used by Renshaw ®®^ for the synthesis of 1,2-diglycerides,

involving the action of lead soap on glycerol 1,2-dibromohydrin,

undoubtedly led to erroneous conclusions regarding the structures

of the resulting glycerides. The same errors are also inherent in

the proposed synthesis of 2-monoglycerides by the action of lead

soap on glycerol 2-chlorohydrin,®®® and in the method of Griin and
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Theimer for the preparation of 1,2-distearin by the action of

silver nitrite on l-chloro-2,3-distearin. Migration takes place in

both instances, the former reaction yielding 1-monoglycerides and

the latter 1,3-diglycerides. Methods for the synthesis of 1,3-

di^ycerides by the action of soaps on l-chloro-3-acylglycerides

cannot be considered in this category.*®?

In 1920, Fischer, Bergmann, and Barwind *®^ proposed the syn-

thesis of 1-monoglycerides by the action of acid chlorides and

acetone-glycerol (1,2-isopropylidene-glycerol) in the presence of

acid-binding agents such as quinoline, the monoglyceride being

obtained by the acid hydrolysis of the resulting product. Subse-

quent treatment with another add chloride yields unsymmetrical

mixed triglycerides. These reactions are as follows:

CHjOH

inoH

<W>H

(CH,)jOO

CH20H

<!;hoh

CHsOCJOR'

<!5H0(X)R'

<!;h*(K3or

The preparation of acetone-glycerol (and of acetone-glycerol

chlorohydrin) has been studied by Fischer and Pfahler *®® and its

structure was later verified by Hibbert and Carter. The use of

this reagent has proved to be satisfactory for the synthesis of the

unsymmetrical triglycerides and it is frequently employed for their

preparation. For example, Amberger and Bromig*®® have ob-

tained l-stearo-2,3-dipalmitin, and Averill, Roche, and King**"

have synthesized a number of 1-monoglycerides and unsymmetrical

triglycerides by this method. Numerous descriptions of the

preparation of glycerides by this procedure appear in the litera-

ture.^®®**®^*®®'*^®**^^’*^* The observation that the original acetone-

^ycerol ester is obtained when the monoglycerides prepared by
this method are treated with acetone confirms their 1-structure.

The direct formation of 1-monoglycerides by the oxidation of the

corresponding esters of allyl alcohol *^* has been presented as fur-

ther confirmation of the reliability of this method, as has the

preparation of 1-monoglycerides through the use of 1-monosodium
glyceroxide.*^^*^® The use of 1,2-benzylidene-glycerol, which is

obtained as a by-product in the preparation of 1,3-benzylidene-

glycerol,*“ offers an alternate procedure for the synthesis of 1-



SYNTHETIC GLYCERIDES 537

monoglycerides, this reagent having been employed by Daubert

and King for the preparation of a number of 1-monoglycerides.

From the above consideration it is evident that, owing to the

tendency of a 2-acyl group to migrate to a terminal position, the

S3mthesis of 2-monoglycerides, 1,2-diglycerides, and those products

in which such compotinds are intermediates must require quite

specialized procedures. Methods which involve the direct esteri-

fication of glycerol 2-chlorohydrin by soap or the hydroxylation

of 1,3-dichloroglycerol esters yield 1-monoglycerides instead of

the expected 2-monoglycerides. The identification of these

products as 2-monoglycerides through their diphenylurethanes

has been shown to be based upon an erroneous assumption.

In 1928, Helferich and Sieber succeeded in preparing glycerol

2-monobenzoate and 2-mono(p-nitrobenzoate) by the hydrol-

ysis of the 2-benzoyl- and the 2-(p-nitrobenzoyl)-l,3-triphenyl-

methyl (trityl) ethers of glycerol, the reaction apparently pro-

ceeding without migration of the benzoyl group. Several years

later, Jackson and King*^* confirmed the observation that the

acyl groups of the aromatic esters of glycerol do not undergo re-

arrangement. When this reaction was applied to the prepara-

tion of aliphatic 2-esters of glycerol, however, these authors ob-

tained the l-esters, and this shift of the acyl group in the aliphatic

esters was later substantiated by Verkade, van der Lee, and
Meerburg.21®

Probably the first simple procedure for the preparation of the

2-glycerol esters of the fatty acids is that proposed by Bergmann
and Carter, which involves the catalytic reduction of 2-esters of

1,3-benzylidene-glycerol. For example, 2-monopalmitin is syn-

thesized as follows:

CHjO CH2O V CH2OH
1 \ CisHsiCOCl I \ H® ICHOH CHCcHs— > CHOCOCwH,! CHCeHg -4 CHOCOCisHsi
I / Pyridine I / I

CH2O CHjO ^ CH2OH

The 2-esters of the even acids from capric to stearic with benzyli-

dene-glycerol have been prepared by Stimmel and King,^ and the

2-monoglycerides obtained by their reduction were described.

The structure of 2-monopalmitin was confirmed by its conversion

to l,3-distearo-2-palmitm by reaction with stearoyl chloride. The
relative stabilities of aromatic and aliphatic 2-monoglycerides have

been the subject of several investigations. It was observed

that 2-monopalmitin is not materially changed when heated
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Bli^tly above its melting point for one hour; however, a complete

shift to the 1-isomer takes place after standu^ for twenty-four

hours in O.O&N alcoholic hydrochloric add or in OAN alcoholic

anunonium hydroxide. Migration of the acyl group in glycerol-2-

(p-bromobenzoate) requires O.liY alcoholic hydrochloric add, thus

showing the greater stability of the aromatic esters.

Verkade and associates have suggested a procedure for pre-

paring 2-monoglycerides by reduction of the 2-acyl-l,3-ditrityl

ethers of glycerol. This method was later verified by Daubert,^

who prepared 2-monopalmitin and 2-monobut3ain by its use. The
preparation of the 1,3-ditrityl ether of glycerol has been studied

by Verkade and associates.^^

As previously stated, the older methods which were proposed

for the synthesis of 1,2-diglycerides generally yield the symmetrical

1,3-diglycerides. Many of these processes have been reinvestigated

by Fairboume^ and have been shown to be attended by migrar

tion of an acyl group. The method employed by Whitby and

later used by Thomson, for the preparation of unsymmetrical

diglycerides probably involves a migration. The same comments

apply to many other procedures which have been proposed,“^'“®'“®

and the supposed method for the differentiation between sym-

metrical and unsymmetrical glycerides, based upon their reactivi-

ties with thionyl chloride, has been shown to be unreliable. Among
the earlier methods, that proposed by Abderhalden and Eich-

wald 2®® is an exception to the above statement. Such procedures

involve the use of hydroxypropylamine which has previously been

resolved into its d- and {-isomers. Although this method is appar-

ently satisfactory for the synthesis of 1,2-diglycerides, the tedious

procedures involved render its successful application quite difficult.

It has subsequently been investigated by Bergmann and asso-

ciates.®^®*®*^®*® The synthesis of the unsymmetrical aromatic di-

esters of glycerol has been successfully accomplished by Helferich

and Sieber,®^^'®** but according to Daubert and King ®*® the method
employed is not satisfactory for the preparation of their aliphatic

counterparts. The latter authors have investigated a procedure

proposed by Verkade and associates ®®^ which involves the catal3rtic

detritylation of l,2-diacyl-3-trityl glycerols and have found it to

be satisfactory for the preparation of unsymmetrical diglycerides.

In their study of the preparation of 1,2-diglycerides, Daubert and

King®*® have proposed a method, which has been stated to be

reliable, based upon the reaction between 1-monosodium glycer-
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oxide and benzylchloroformate, followed by esterification. The
following reactions were stated to occur during this synthesis:

CH20Na

<I;hoh

<I;hiOH

CHKX)C0CH,C«H5
06^6011200001

> <!jhoh

<!:hiOh

2RC0a

Quinoliiie

CHaOOCOCH2C6H6 CHaOH

inOCOR ^ djHOOOR

<i3H*0CX)R iHjOCOR

The {^thesis and study of optically active glycerides is a sub-

ject of considerable scientific interest, especially in view of the

biological implications involved. In this present writing it is

possible only to outline the general procedure employed in such

syntheses, and the reader is referred to a recent review by Fischer

and Baer^*^ for a more complete treatment of this subject. A
study of the glyceride molecule shows that all 1-monoglycerides,

1,2-diglycerides, and those 1,3-diglycerides which contain unlike

substituents, as well as unsymmetrical triglycerides, are capable

of appearing in enantiomorphic forms. Fischer and Baer have

pointed out that two general methods for the s3mthesis of optically

active glycerides are available. One of these consists of resolving

an intermediate, from which the optically active glyceride is then

obtained by esterification. The second method emplo3^ an op-

tically active, naturally occurring compound which is converted

without racemization to the desired optically active glyceride.

An example of the former method is that employed by Abder-

halden and Eichwald,^*®**^ who obtained optically active 1-mono-

and 1,2-diglycerides by the use of compounds obtained from

aminodibromopropane resolved by means of d-tartaric acid. Some
pertinent steps in this synthesis are as follows:

CH,.

iH>
1

CH1NH2

- ifiOH
1

CHjOH CH2OH
(-^55") (+17.70*)

1 i

GHjOCOCaHr
1

CH2OH
1

CHOH
I

CHOCOCsHt

(IsBiOCOCiHtCHjOH
iI-Monobutyrin

(+0.83»)
^•Dibut3rrm
(-1.10*)
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CHiOH CHrf)H

in V - (ijHOH

{+7.69») (- 14.08")

1

CHtOH

<!;hoh

(IjHjCXXXJjHt
2-Monobutyrin

(- 0.84*0

i

CH^XXXJOIt

(!:hocx)c,Ht

<!;h*oh
<2-Dibutyrin
(+ion

GrOn and Limpacher have resolved glycerides by fractional

crystallization of the strychnine salts of their sulfuric esters, and

Bergmann and Sabetay resolved the 1-esters of aminopropylene

glycol by the use of saccharic acid. The synthesis of optically

active glycerides through naturally occurring compounds has re-

cently been the subject of a series of studies by Baer and Fischer.**®

These authors first prepared d-acetone-glycerol and {-acetone-

glycerol from dr and {-mannitol, respectively. For the preparation

of the former, d-mannitol is first converted into 1,2,5,6-diacetone-

d-mannitol, which is then split by means of lead tetraacetate into

acetonated d-glyceraldehyde, the catalytic reduction of which

yields d-acetone-glycerol. A similar procedure was employed for

the preparation of {-acetone-glycerol, the {-mannitol being ob-

tained from {-arabinose. The rotations of these compounds were

foimd to be of equal magnitude (ii:12.6°). The reactions for the

preparation of d-acetone-glycerol are as follows:
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The optically active glycerides were subsequently prepared

according to the method of Fischer, Bergmann, and Barwind,^

by treatment of the acetone-glycerols with add chlorides in pyri-

dine followed by removal of the acetone group by hydrolysis. The
specific rotations, Wd, reported by Fischer and Baer for several

{-1-monoglycerides are as follows: {-1-monolaurin, —3.76®; W-
monopalmitin, —4.37®; and {-1-monostearin, —3.58®. A detailed

method for the preparation of J-acetone-glycerol from d-acetone-

glycerol has been described by these authors. A further esterifica-

tion of {-1-laurin, {-1-palmitin, and {-1-stearin 3delded triglycerides

which in spite of their asymmetry failed to show optical rotation.

This is in contrast to the optical activity (—19.9® in tetrachloro-

ethane) exhibited by the aromatic triglyceride l-(p-nitroben2oyl)-

2,3-dibenzoyl-glycerol. It was further found that active 1-mono-

glycerides containing aromatic radicals retain their activity over

long periods of time, whereas active aliphatic 1-monoglycerides

show an appreciable drop in activity when held at room tempera-

ture for a penod of one year.

The first direct preparation of a pure, optically active diglyceride,

d-1,2-distearin, was accomplished by Sowden and Fischer,*" the

following series of reactions being employed:

CH2OH CH2OCH2C6H6

flick yCHs N. niov^ ^fl, h*s04

fljicK NdHj C,H»CH.Br^ fljicKXIfl*
^

(+12 6°) (+16.8°)

CH2OCH2C6H8

fliofl

fljioH
(+5^»)

2C17H16COCI

Quinoline
>

CH2OCH2C6HB

JHOCOCitHsb

H20C0Ci7H36
(+6. 1 °)

H8(Pt)

CH«C08H

CH20H

i

iB:

IHOCOC17H86

:20C0Ci7H85
(-2 7°)

Fischer and Baer have designated the optically active glyc-

erides as the d- and {-forms, depending upon the rotation of the

original acetone-glycerol. It is evident, however, that a change in

rotation occurs during the substitution. This nomenclature differs

from that employed by Abderhalden, who designated the glycerides

according to the specific rotation exhibited. An explanation of

the change of rotation during this sequence of reactions has been

offered by Fischer and Baer.

Any discusrion of the preparation of the glyceryl esters would

certainly be incomplete without reference to the studies which
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have been made upon their biolopcal qmtheeiB. The great im-

portance of this aspect of the subject is universally recognised and

it is unfortunate that many of the investigations pertaining to it

have been of an extremely empirical nature. It has been known
for years that the hydrdysis of fats by ensymes is a reversible

process, and that the synthetis of fats from glycerol and fatty adds

is a biological reaction of vital significance in fat metabolism.

Armstrong and Gosney,^ for example, have condusively demon-

strated the reverdbility of hydroljrtic processes involving enzymes.

Lombroso**^ has obtained triolein by the esterification of oldc

add and glycerol in the presence of pancreatic juice, the esterifica-

tion still being incomplete after several weeks. It was believed

that the syntheds and hydrolyds are brought about by a sin^e

enzyme present in the pancreatic juice and not by two separate

eniymes. The esterifying properties of castor bean lipase have

been noted by Dunlap and Gilbert,*** and Ivanov *** has observed

that many ground seeds contain enzsrmes capable of both splitting

and synthedzing glycerides. Morel and Velluz *** have stated that

the s]mthedzing power of ridnus seeds is due to the enzjunatic

activity of the cytoplasm of the seeds. Velluz ** has studied the

esterification of alcohols with fatty adds in the presence of castor

bean lipase and has reported that reaction takes place rapidly with

primary alcohols, more dowly with secondary alcohols, and not at

all with tertiary alcohols. The biological esterification of glycerol

appears to take place in the 1,3-podtions only. No esterification

of adds containing less than seven carbon atoms in a straight chain

was observed in the presence of castor bean lipase. The work of

Arg3rris and Frank *** has shown that monoglycerides are absorbed

by the animal body and appear as triglycerides, indicating a hy-

drolyds of the monoglycerides followed by a subsequent synthesis

of triglycerides.

In the preceding pages we have discussed the various synthetic

methods available for the preparation of glycerides of known
structure and have attempted to differentiate between those

methods which are trustworthy and those which are not. There

are, of course, other methods which can be used for the preparation

of ^ycerides and although such processes generally yield glyceride

mixtures several of them are of practical dgnificance. It is evident

that the partial hydrolyds of a triglyceride can sdeld a mixture of

mono- and diglycerides, and such methods have frequently been
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emplo3red f<Mr their preparation. It has been shown,*" for example,

that the action of sulfuric add on tiilaurin yields, among otiier

products, mono- and dilaurin. It has also been reported *** that

when tiilaurin in cold ligrom solution is treated with three moles

of sulfuric add, sulfated esters result from which mono- and di-

laurin can be obtained by hydrolysis. Such methods, however,

are satisfactory only for the preparation of mixttues of glycerides,

and since complex reaction products are obtained the components

are frequently quite difficult to separate.

The methods of alcoholysis and of ester interchange are often

used for the preparation of glyceride mixtures. It has previously

been shown that alcoholysis is one of the accepted methods for

the preparation of the fatty add esters oS monohydric alcohols.

Partial alcoholysis, on the other hand, is often used for the prepa-

ration of both mono- and diglycerides, and this procedure fre-

quently presents a convenient method for the preparation of these

compounds. Young and Black *" have reported that the products

obtained by the reaction of triglycerides with equal quantities of

glycerol in the presence of tiisodium phosphate consist essentially

of 1-mono^ycerides. Tiilaurin, tripalmitin, and tristearin were

observed to yield 1-monoglycerides by this procedure, and a dmilar

reaction between glycol and its dipalmitate yidds 2-hydroxyethyl

palmitate. When oils such as hydrogenated fish oil, olive oil, or

castor oil are heated with an excess of glycerol for one-half hour

at 270-280°, the products consist of a mixture of mono- and di-

glycerides. Catalysts such as MgO, CuO, and ZnO markedly

lower the temperature required for the alcoholysis.**'’ It has also

been observed that the presence of metallic tin or rsinc has a de-

cidedly accelerating effect upon this reaction.*" The influence of

temperature, time, catalysts, and other factors upon the rate of

reaction of glycerol with various triglycerides has been the subject

of a rec^t investigation.*** The formation of mixtures of di- and

triglycerides by heating monoglycerides at high temperatures

presents an interesting example of alcoholysis.***

The preparation of mixtures of mono- and diglycerides from tri-

glycerides by methods resembling alcoholysis has been the subject

of a number of patents. For example, sodium glyceroxide,***

soaps,*** and mixtures of soaps and alcoholates *** have been sug-

gested as catalysts for this reaction. Richardson and Eckey***

have proposed the use of dioxane as a solvit for the fat and glyo-



M4 THE FATTY ACID ESTERS

erol. Christensen has proposed the preparation of mono- and

diglyceiides by the reaction of sodium glyoerate and fatty acids,

or by heating a mixture of glycerol and fatty adds in the presence

of an alkali metal glycerate.

Ester interchange involving the various acyl groups of the

l^ycerides is a well-known phenomenon. Such reactions are quite

susceptible to catalysis and are probably quite closely allied to

alcohol3rds. Attempts have been made to associate this phenom-

enon with the various coordination forms possible for these esters.

The heating of an equimolar mixture of tristearin and triolein at

280° for two hours results in ester interchange with the resulting

formation of mixed ^yceiides,^^^ and likewise the heating of tri-

stearin with oleic acid results in an esterification of a fraction of the

oleic add. A similar interchange is observed between mixtures of

fatty adds and esters of monohydric alcohols. Normann has

reported that the introduction of butyric acid into fats can be

accomplished by heating mixtures of butyric acid and various

fats and that mixed glycerides result when tributyrin and tristearin

are heated. Such reactions are materially infiuenced by the pres-

ence of catalysts, sodium ethoxide, sulfonic acids, metals, and their

compounds having been proposed.^®®

Mono- and diglycerides of the fatty adds are useful as emulsi-

fying agents, and their sulfates and phosphates^ have been

proposed as wetting agents.

Esters of Other Polyhydiic Al€M>hols

The synthetic fatty acid esters of polyhydric alcohols which we
have discussed have been confined essentially to those of the glycols

and glycerol; however, several esters of mannitol and related com-

pounds have been prepared and described. It is evident that the

difficulties encountered in preparing pure esters of established

structure increase with increase in complexity of the polyhydric

alcohol. Stephenson has reported the preparation of mannitol

hexapalmitate, m.p. 64.5°, by the esterification of mannitol with

palmitoyl chloride in the presence of pyridine, and a so-called

mannitol fat has been obtained ^^3,264 interaction of man-
nitol with triolein or tristearin. The reaction product of mannitol

and triolein was considered to contain considerable amounts of

mannitan dioleate and isomannide dioleate. The reaction between

mannitol and olive oil has been studied by Irvine and Gilchrist

and the structure of the mannitol fat deduced through its methyl-
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ated products. It was postulated that the reaction between man-
nitol and olive oil probably first results in the formation of mannir

tol dioleate, which is dehydrated to mannitan dioleate, and under

more drastic conditions is further dehydrated to isomannide

dioleate. As a result of this work it was considered that the

probable structure of mannitol fat is as follows:

OX OX H H

HsC—d) ([) — dr—(Ir-

—

CHgOH

U ^
I

in

(X 1- oleoyi radical)

The preparation of synthetic fats containing a methylglucoside

residue has also been undertaken by these authors.*®®

Physical Properties of the Esters of Polyhydric Alrahols

(1) The Simple Triglycerides

Polymorphism is a common phenomenon with all long-chain

compounds, although in no other instance does it assume the dom-
inant role that it does with the glycerides. The peculiar property

of possessing multiple melting points which is exhibited by the

glycerides makes it necessary to associate a melting point with a
particular form, and the failure to recognize this necessity un-

doubtedly accounts for the fact that various authors have ascribed

widely different melting points to supposedly pure samples* of the

triglycerides.

It was shown by Duffy *®^ as early as 1853 that the stearin from
mutton fat possesses at least three melting points, and the sugges-

tion was made that isomeric stearins exist. Many years later,

Guth observed that if melted tristearin is rapidly cooled and
then heated in a capillary tube, it melts at 55^, again solidifies,

and then remelts at 71.5°. If the chilled sample is allowed to

remain for some time at room temperature, it is transformed into

the higher-melting, stable form. Smits and Bokhorst *®^ ascribed

this double melting point to the existence of two different crystal-

line modifications and observed that when the liquid is kept at a
temperature between the two melting points the stable form slowly

crystallizes. These findings were confirmed by Nicolet,*®® who re-

ported that the stable form may be obtained directly by seeding,

although the unstable form always appears if the temperature is
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below 66^. Grun and Schacht had previously observed that

the symmetrical triglycerides 2-lauro-l,3-distearin, 2-myristo-l,3-

dilaurin, and others exist in a low-melting form and a stable,

high-melting form, and that the stable modification can be rapidly

obtained from the unstable form by inoculation. These authors

considered such changes to involve isomerism rather than poly-

morphism. They observed that the transition is monotropic since

the stable form does not revert to the unstable form upon cooling.

It has been stated by Le Chatelier and Cavaignac that if the

heating and cooling of a triglyceride be conducted slowly the melt-

ing and freezing points are approximately identical, an observation

which can be ascribed to the fact that such procedures permit of a

transition to the stable form. In spite of the early findings of

Duffy,*®^ it was considered for many years that the triglycerides

exist in only two forms, the lower-melting, unstable form being

obtained upon rapid cooling and the higher-melting form either

by transformation or by direct solidification at higher tempera-

tures. Because of the glasslike appearance of the lower-melting

form it has been described as liquid crystalline.^” Bomer has

considered the higher-melting form to be the only truly crystalline

phase, since it is always obtained upon crystallization of the

triglycerides from solvents. This viewpoint, however, was ren-

dered untenable by the observation of Othmer that trimyristin

and tristearin exhibit not two but three melting points and that

the various forms are polymorphic. The different forms of the

triglycerides of the even, saturated acids from acetic to stearic

acid inclusive were studied by Loskit,^^^ who ascribed their occur-

rence to differences in the degree of polymerization. The existence

of at least three pol3rmoiphic forms of the triglycerides was like-

wise observed by Efremov and by Weygand and Gruntzig,^®

the last two believing that at least seven modifications are possible.

Jo^ekar and Watson, on the other hand, recognized only two
forms of the tri^ycerides, considering them to be isomers rather

than polymorphs, and their observations were apparently sub-

stantiated by Rao and Jatkar as late as 1935.

It is thus apparent that although it was realized for many years

that the triglycerides exist in various forms, the number of and the

relationship between these forms were matters of controversy, and
it became evident that a proper understanding of this relationship

could not be definitely obtained by visual observations or by
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thennal data alone. Additional evidence was supplied in 1834 by
the pioneer work of Clarkson and Malkin^ upon the x-ray and

thennal properties of the simple triglycerides. Their conclusive

findings served to correlate the data then existing and to formu-

late the basis for our present views concerning the structure of the

triglycerides. It was considered by certain authors that the poly-

morphism exhibited by triglycerides is similar to that previously

TABLE XIV

Meiaing Points and Long Crystal Spacings of Simple Triglycerides

Long Crystal

Melting Points, Spacings> A
Tnglyceride a y a

Tricaprin 31.5 18.0 -15 26.8 ....

Tnundecanoin 30.5 26.5 1.0 29.6 33.0

Trilaunn 46.4 35.0 15 31.2 35.6

Tritndecanoin 44.0 41.0 25 34.1 37.7

Trimynstm 57.0 46.5 33 35.8 41.2

Tnpentadecanoin 54.0 51.5 40 38.9 42.9

Tripalmitm 65.5 56.0 45 40.6 45.6

Tnmargann 63.5 61.0 50 43.5 48.5

Tnstearin 71.5 65.0 54.5 45 50.6

Tnolein 4.9 -12 -32®“
.

Trielaidin 41.5 37 15.5 44.1

Trienicin 32.5 25 6 51.1 55.0

Tribrassidiii 57 43 36 53.6 60.9

Trilinolem -12.9 -43®“
• • • •

Tiilinolenin —23®“

observed for the simple esters.*®»^®^*“ The three forms assumed by
the simple triglycerides, therefore, are pol3rmorphs, and are occa-

sioned by differences in the angles of tilt of the hydrocarbon chains

with reference to the terminal planes. As in the case of the other

straight-chain compounds, the long crystal spacings of the tilted

forms depend upon the number of carbon atoms and the angle of

tilt, and their physical properties, such as melting points, form

alternating series. The physical properties of the vertical form,

on the other hand, are non-alternating. The melting points and

long crystal spacings of the polymorphic forms of the simple tri-

glycerides of the saturated acids from capric to stearic acid inclu-

sive and of several unsaturated acids, as reported by Clarkson

and Malkin ^ and by Meara,*“ are shown in Table XIV. The
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side q)aciiigs in Angstroms were observed to be as follows: ^-form,

even acids: 3.7, 3.9, 4.6, 5.3; odd acids: 3.65, 4.0, 4.6, 5.3; or and

Y-fonns, 4.2.

When the melting points of these forms are plotted against the

number of carbon atoms, those of the or and 7-forms fall upon

smooth curves and those of the
j
8-forms alternate (Fig. 3).

The three forms of simple triglycerides, therefore, apparently

resolVe themselves into a stable or high-melting form, jS, which

Fig. 3. Melting points of polymorphic forms of simple triglycerides.

possesses inclined chains; an unstable, lower-melting form, a, con-

taining vertical chains, and a low-melting form, 7,
which has been

considered to be non-crystalline. It has been suggested quite

recently however, that all three of the polymorphic forms of

tristearin are crystalline. In 1945, Lutton published the results

of an extensive investigation of the polymorphic behavior of tri-

stearin and several of its homologs and although this work con-

firmed many of the previous observations of Clarkson and Mal-

kin®^ certain essential differences were noted which have done

much to clarify further our knowledge of the cr3rstal structures of

these compounds. Lutton verified the fact that the simple tri-

^ycerides exhibit monotropic trimorphism. The gamma form,

originally described by Clarkson and Malkin as glassy, was ob-

served to be non-existent. The lowest-melting fonn is, therefore,

the alpha form. It was observed that the simple triglycerides
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exhibit an intermediate form which Malkin had actually described

for several mixed triglycerides but which he had failed to recognize

for the simple triglycerides. This form was designated as beta

prime, and the name beta was retained for the highest-melting

form. Thus, all three of the polymorphic forms of the simple tri-

glycerides are crystalline and the glassy or gamma form does not

exist. These findings do not detract from the importance of the

original work; however, they modify our concept of the lower-

melting forms. The revised nomenclature designates the three

forms as alpha, beta prime, and beta, the melting points increas-

ing in the order named. This nomenclature will be employed

throughout the remainder of this discussion. The long spacinge

in Angstroms of the alpha, beta prime, and beta forms, respectively,

of several triglycerides as reported by Lutton are as follows:

trilaurin, 35.5, 32.85, 31.15; trimyristin, 41.4, 37.65, 35.45; tri-

palmitin, 46.3, 42.3, 40.9; and tristearin, 50.6, 46.8, 45.15. The
reported melting points of these respective forms are as follows:

trilaurin, 14°, 34°, 43.9°; trimyristin, 32°, 44°, 55.5°; tripahnitin,

44°, 55.5°, 65.5°; and tristearin, 54°, 64°, 73.1°. The alpha form

is obtained upon moderately rapid cooling since the higher-melting

forms permit appreciable supercooling. The beta prime form is

generally obtained by transformation of the alpha form; however,

in many instances, its transformation to the beta form is quite

rapid. The beta form is obtained either by transformation of the

lower-melting, beta prime form, or by solvent crystallization.

A plot of the long crystal spacings obtained by Clarkson and

Malkin ^ shows that they fall upon three straight lines; namely,

jS-odd, i^-even, and a. In the case of the glycerides of odd adds a
fourth form has been postulated. These x-ray data permitted a

consideration of the crystal structures of the various polymorphic

forms of the triglycerides. Since the long spacings indicate a length

twice that of a single molecule, these authors have postulated a so-

called tuning-fork structure for the triglycerides, the o-form con-

sisting of vertical chains and the jS-form of chains inclined at an

angle of approximately 65°. The side spacings show a more

complicated structure than that observed for most long-chain

compounds and indicate a somewhat different arrangement for

the glycerides of odd adds from those of even adds. The o-fonn

contains chains free to rotate within fixed limits about the chain

axes; the jS- or tilted form contains chains fixed at an angle. The
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molecular oonfigatations ai the triglycerides proposed hy Malkin

and cowoikera are shown in Fig. 4.

As in the case of otho* long-chain compounds which erdiibit

polymorphism, great care must be exercised in establishing the

phjrsical constants of the lowest-melting and intermediate forms

once the transformation from an unstable to a stable form is often

quite rapid. Clarkscni and Malkin have stated that the nature of

the solid separating from a molten glyceride depends on the initial

temperature of the liquid, the

rate of coolmg, and the length of

the add chains. The <»-form

generally separates first, although

very slow rates of cooling may
result in a direct realisation of

the /3-form. The observation of

Weygand and Griintsig that at

least seven different forms exist

is explainable on the basis that

variations in the rate of coolmg

result in a separation of mixtures

of different forms. The tran-

sitions are much slower for the

glycerides of the odd adds than

for those of the ev^ acids, and

the stability of the o-form in-

creases with increasing chain

length. The a melting point is generally obtained by rapidly

cooling the sample in a capillary tube and immediately immersing

it in a bath at the temperature at which it just melts and solidifies,

the proper temperature being ascertained by repeated trials.

The mdting point of the j3'-form is obtdned by the same procedure.

The melting point of the /3- or stable form is determined in the usual

maimer. It is quite important that small samples be employed

(0.75-1.0 g.), since otherwise phase changes obscure the true melt-

ing points.

That the melting points of the various polymorphic forms of

the tri^ycerides can be ascertained by a study of their coolii^ and

heatup curves has been shown by Nicolet *** and later by Clarkson

and Malkin,*’* and a very complete treatment of this subject can

be found in a recent review by Fei^uson and Lutton.*” Heating

Fig. 4. Molecular configurations of

polymorphic forms of S3rmmetrical

triglycerides.
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curves for samples crystaUized in the <r^onn show two distinct

arrests, the first indicating the change a —» liquid attended by

the transformation a —* fi' —* 0, whereas the latter is the melt-

ing point of the jS-form. If the sunple is held for one hour above

the a iriftlting pinnt the first arrest becomes less pronounced, and

after holding for three hours only the latter arrest is observed.

The microscopic appearance of the different forms of the tri-

^ycerides has been studied by several investigators and

has been reviewed by Ferguson and Lutton.***

Although many of the physical properties of the ample tri^yc-

erides have been mentioned in the above discussion, the literature

contains many additioiuil data. The melting points of the stable

forms of tricaproin,^" tricapiylin,^*^ and trinonanoin have beai

reported to be —26°, 9.8-10.1°, and 8.7°, req)ectively. Woolley

and Sandin have observed the melting points of the 0'-, 0-, and

oe-forms of trinonadecanoin to be 66.5-67°, 70.5°, and 60°. The
densities, d^, and refractive indices, no, of the triglycerides of sever-

al saturated adds are as foUows: tricaproin, 1.03424^, 1.44268^;

tricapiylin, 0.9867“ 1.44268“; trilaurin, 0.8944“ 1.44039“; tri-

myristin, 0.8848“, 1.44286“; tripalmitin, 0.8667“ 1.43807“; and

tristearin, 0.8621“, 1.4396“. The triglycerides are readily soluble

in ether, carbon disulfide, chloroform, carbon tetrachloride, and

benzene. The higher molecular weight glycerides possess limited

solubilities in ethanol. The heats of crystallization of the a- and

/3-forms of tristearin and of the jS-form of tripalmitin have been

reported to be 44.2, 61.6, and 62.3 cal./g., respectively, and the

heat of transition, 17.4 cal./g.”* The average heat of transition

for the simple triglycerides as obtained from heat of solution data

was reported to be approximately 16 cal./g. The dielectric con-

stants at several temperatures of liquid and /3-tristearin have been

reported.**® Liabrouste *** and later Dervichian *** have studied

monomolecular films of the triglycerides. Binary systems of the

tri^ycerides have recently been studied by Ravich and Vd’nova; ***

however, very little is known as yet concerning the binary and
polycomponent mixtures of the glycerides. Efremov *** has stated

that such mixtures exhibit the polymorphic behavior character-

istic of their components. Joglekar and Watson *” have reported

that the biiuuy system tristearin-tripalmitin exhibits a eutectic

for the stable modification. Mixtures of the naturally occurring

idycerides have been investigated with inconclusive findings.*®*
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(2) Symmetrical Mixed Triglycerides

Methods for the preparation of the symmetrical mixed tri-

glycerides have been previously discussed. Triglycerides of this

type have been synthesized and described by a number of investi-

The thermal properties and crystal

spacings of glycerides of this group have been studied by Malkin

and Meara,”^ and most of our present-day knowledge concerning

the polymorphic forms and crystal structure of these glycerides is

based upon the comprehensive investigation made by these

authors. The S3nnmetrical mixed triglycerides of the even acids

from capric to stearic were studied, and for purposes of discussion

these compounds were divided into groups, depending upon the

differences in chain lengths of the ester portions of the molecule.

Thus, triglycerides in which the acyl groups differ by two carbon

atoms, for example, 2-laurodimyristin or 2-myristodipalmitin,

constitute one group; those in which the difference is four carbon

atoms, 2-laurodipalmitin or 2-paImitodilaurin, comprise another

group; and so on. Such groups were further subdivided depending

upon whether the longer or shorter chain occupies the 2-position.

The necessity for this classification will become apparent.

The thermal and x-ray data for the triglycerides of acids differing

by two carbon atoms show four polymorphic forms, which Malkin

designated as vitreous or 7, a, and the melting points in-

creasing in the order named. Such triglycerides divide themselves

into two groups, namely:

I

—Cn+2
(a) (6) Cn+2—

[ ^

n

n

The long and side crystal spacings indicate the tuning-fork struc-

ture previously postulated for the simple triglycerides, adjacent

molecules lying in reversed positions. The length of the unit cell

is, therefore, twice that of the longest chain. The side spacings for

groups (a) and (6) show characteristic differences. The stable

form P possesses a chain tilted at 69^33' for group (a) and at 65^30'

for group (6), the carbon-to-carbon distances being 1.18 and
1.147 A, respectively. The a- and jS'-modifications of group (a)

were assumed to possess vertical chains, whereas the a-form of

group (6) is vertical and the -form inclined at an angle of 70°66'.

The transformation from one polymorphic form to another is

more rapid for these glycerides than for the simple triglycerides.

The members of group (a) were observed to solidify in the 7-form
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(except 2-capryldilaurin), whereas in group (5) only 2-Btearodi-

palmitin solidifies in this form, the others assuming the os-form.

The stable inform is directly obtamable upon solvent crystalliza-

tion. AU the polymorphic forms of the corresponding members of

groups (a) and (b), for example, myristodipalmitin and palmitodi-

myristin, possess nearly identical melting points.

The symmetrical triglycerides in which the acyl groups differ by
four, six, and eight carbon atoms have also been examined by
Malkin and Meara.^*^ These can be grouped into several series,

depending upon differences in the number of carbon atoms in the

acyl groups and upon the relative positions of the longer and shorter

groups as follows: (c) those in which the 2-acyl group contains four

less carbon atoms than the 1- and 3-groups, e.g., 2-laurodipalmitin;

(d) those in which it contains four more carbon atoms, e.g., 2-

palmitodilaurin; (e) those in which it contains six less, e.g., 2-lauro-

distearin; and (f) those in which it contains six more, e.g., 2-stearo-

dilaurin. A further group (g) comprising 2-stearodicaprin and 2-

capryldistearin was also investigated. All these glycerides were

observed to exist in four solid modifications, the velocity of transi-

tion decreasing with increasing chain length for members of the

same group. A linear relationship between the lengths of the

molecules and the long crystal spacings would not be observed due

to the presence of the shorter chains. The long spacings observed

for the jS-form correspond to twice the length of a single molecule

except for 2-palmitodilaurin and 2-stearodimyristin. This was

attributed by Malkin and Meara to an acute angle of tilt of 41^18'

for the members of group (c), the increase in length per carbon

atom being 0.83 A. This transition from a single to a double

structure, however, appears quite difficult of explanation at this

time.

The melting points of the various forms of the symmetrical

triglycerides as determined by Malkin and Meara are shown in

Table XV.*

*To avoid confusion in the naming of glycerides contaimng caproic,

capryhc, and capnc acids, the following system of prefixes and suffixes is

employed in this discussion:

Acid Prefix Suffix

caproic caproyl- -caproin

caprylic caprylyl- -caprylin

capric caprylr -caprin
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TABLE XV

MwrvuQ Points of Polymorphic Forms of Symmetrical Triolycbridbs

Melting Points,

Glycende Vitreous (y) a P'

Gapryldilaunn 8 23 33 38.5

Laurodimynstin 24 35 45 50

Myristodipalmitin 37 46 55 60

Palmitodistearin 50 56 64 68

Laurodicaprin 6 25 34 87.5

Myristodilaurin 24 37 44 48

Palmitodimyristin 38 49 55 58.5

Stearodipalmitin 49 59 65 68

Gapryldimyristin 16 37 40 43.5

Laurodipalmitin 34 47 50 53.5

Myristodistearin 47 56 59 62.5

Myristodicaprin 3 21 30 34

Paknitodilaunn 19 35 42.5 45.5

Stearodimynstm 33 47 53 55.5

Gapryldipalmitin 20 42 48 51.5

Laurodistearin 36 52 58 60.5

Palmitodicaprin 6 27 36 40

Stearodilaurin 21 38 43 47

Stearodicaprin 5 34 40 44.5

Gapryldistearin 30 47 53 57

2-Capryldilaurin, 2-caproyldistearin, 2-caprylyl(iistearin, and

2-capryldistearin have been observed 38.8®, 47.2®,

51.8®, and 56.2®, respectively. The following refractive indices,

Wd, have been reported symmetrical mixed tri-

glycerides: 2-stearodilaurin, 1.44031; 2-stearodipalmitin, 1.44325;

2-laurodimyristin, 1.43901; 2-laurodipalmitin, 1.44044; 2-acetodi-

palmitin, 1.43749; 2-palmitodilaurin, 1.43980; 2-myristodilaurin,

1.43907; 2-caprylyldilaurin, 1.43643; 2-capryldilaurin, 1.43705;

2-acetodistearin, 1.43970; 2-caproyldistearin, 1.44019; 2-capryl-

distearin, 1.44153 ; 2-laurodistearin, 1.44222; 2-myristodistearin,

1.44300; 2-palmitodistearin, 1.44374.

The appreciable amount of work which has been done within

recent years upon the symmetrical monodleo disaturated triglyc-

erides has served to advance our knowledge of the mixed tri-

glycerides. The 2-oleo-l,3-diacyl triglycerides have been pre-

pared ^ by the action of oleoyl chloride upon 1,3-diacyl glycerides,

the following melting points having been reported: (acyl group^
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m.p.) capryl, 6-6®; lauroyl, 14.6-16°; myristoyl, 26-27°; palxnit-

oyl, 36.6-36°; and stearoyl, 42.6-43°. The structures of these

glycerides were proved by hydrogenation to the corresponding

2-stearo-l,3-diacyl triglycerides. Cooling and heating curves for

the 2-oieo-2,3-diacyl triglycerides have been obtained by Daubert

and Clarke ^ and the transition temperatures for the four poly-

morphic forms, 7, a, /3', and /3, determined. The x-ray diffraction

analyses of the symmetrical monooleo disaturated triglycerides

have resulted in some interesting theories concerning their crystal

structure. Triglycerides containing an oleoyl radical in the

2-position were shown to possess long crystal spacings approxi-

mately three times those of the simple triglycerides, and this ob-

servation apparently forces an abandonment of the tuning-fork

structure for the glycerides of the former type. It has been

proposed that such glycerides possess an extended long-ordered

arrangement in which the unsaturated chains are aligned with

respect to each other. Such a structure may explain the appre-

ciable melting-point difference which exists between a simple

triglyceride, such as tristearin, and its unsaturated counterpart,

2-oleo-l,3-distearin. That the presence of unsaturated fatty acid

radicals in the triglycerides is productive of a significant modifica-

tion of the crystal structure of the saturated triglycerides has been

suggested by the work of Storkes and Germer upon films of

various triglycerides upon polished nickel surfaces.

(3) The Unbymmetrical Triglycerides

It has previously been pointed out that many of the earlier

methods for the preparation of the unsymmetrical triglycerides

actually yield symmetrical triglycerides or mixtures of glycerides,

so that the earlier constants reported for the uns3anmetrical com-

pounds are questionable. The unsymmetrical glycerides possess

lower melting points than their isomeric counterparts, although

in some instances the differences are quite small. They exhibit

four polymorphic forms, vitreous or 7, a, /?', and which are

quite similar to those observed for the symmetrical triglycerides.

The transition /S' —> jS is quite slow and the iS-form separates

from solvents with difficulty. The crystal spacings as revealed

by x-ray measurements have been investigated by Carter and
Malkin,*^ who observed that the long crystal spacings and the

side spacings of the /3-form are quite similar to those exhibited by
the simple triglycerides. The melting points of the various poly-
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morphic forms of the saturated unsymmetrical triglycerides inves-

tigated by Carter and Malkin are shown in Table XVI.
Several saturated glycerides not shown in the following table

have been synthesized and their melting points and refractive

indices, tid, reported 1-caprylyldilaurin, 28.4®, 1.43576;

1-capiyldilaurin, 38.8°, 1.43706; 1-myristodilaurin, 42.8®, 1.43878;

TABLE XVI

Melting Points of Polymorphic Forms of Unsymmetrical Triglycerides

Melting Points, ®C

Glycende

Capryldilaunn

Laurodimyristin

Mynstodipalmitin

Palmitodisteann

Laurodicaprm

Myristodilaiinn

Palmitodimynstin

Stearodipalmitm

Capryldimynstm
Laurodipalmitin

Mynstodisteann

Myristodicapnn

Palmitodilaunn

Stearodimynstin

Capryldipalmitm

Laurodisteann

Palmitodicapnn

Stearodilaurin

Stearodicapnn

Capryldistearin

Vitreous (7) a

5 26

22 37

36 47 5

50 57

0 17.5

19 33 5

34 45 5

46.5 55

15 32

32 45

44 54

3 20

20 33

36 46

23 37

36 47

2 24

20 31

13 32

33 42 5

31 35.5

42 46.5

52 57

61 65

26 30

39 43 5

50.5 54

59 5 62.5

38 43 5

49.5 54

57 5 62

31 34.5

43 46.5

52 56

41 45.5

52

32 35

41 5 45

38 41

46 49

1-palmitodilaurin, 44.8°, 1.43965; 1-acetodipalmitin, 61-52°; 1-

acetodistearin, 56.6°; 1-caproyldistearin, 42.7°, 1.43985; l-caprylyl-

distearin, 47.6°, 1.44028; and l-capryldistearin, 48.2®, 1.44058.

Prior to 1943, essentially no unsymmetrical triglycerides con-

taining one or more unsaturated fatty acid chains had been de-

scribed. This situation was occasioned not only by the difficulties

inherent in their preparation but also by the unavailability of the

unsaturated fatty acids in a state of purity sufficient to merit

their adaptation to precise work. In 1943, Daubert and asso-

ciates ^ described the synthesis of a series of l-oleo-2,3-diacyl

triglycerides the physical properties of which were reported to be
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as follows: (l-oleo-2,3-, m.p., nj?) dicaprin, 3-4®, 1.45185; dilauiin,

20.0®, 1.45322; dimyristin, 25.0®, 1.45458; dipahnitin, 34.5®,

1.45562; and distearin, 38.5®, 1.45700. The structures of these

glycerides were proved by hydrogenation to the corresponding

saturated triglycerides. The l-elaido-2,3-diacyl triglycerides melt

approximately 15® higher than the corresponding l-oleo-2,3-diaQrl

triglycerides and approximately 20® lower than the corresponding

fully saturated triglycerides. The following physical constants

have been reported for the l-elaido-2,3-diacyl triglycerides:

(l-elaido-2,3-, m.p., riu) dicaprylin, 3.0®, 1.44786; dicaprin, 15.0®,

1.44895; dilauiin, 27.0®, 1.45023; and dimyristin, 39.5®, 1.45136.

A series of dioleo monosaturated triglycerides has been prepared ^
by the action of oleoyl chloride upon saturated 1-monoglycerides.

The following physical constants have been reported for these

l-acyl-2,3-diolems: (1-acyl group, m.p., nff) caproyl, —11.0 to

— 10.0®, 1.46114; caprylyl, —6.6 to —5.6®^ 1.45998; capryl, —0.5

to 0.5®, 1.45941; lauroyl, 5.5-6.5®, 1.45932; myristoyl, 12.5-13.5®,

1.45995; pahnitoyl, 18.0-19.0®, 1.46060; and stearoyl, 22.5-23.5®,

1.46190. It will be noted that, as in the case of the other triglyc-

erides which contain unsaturated acid chains, the melting points

increase with increase in the length of the saturated acid chains.

Several l-acyl-2,3-dielaidins have also been described the physical

constants of which are as follows: (1-acyl group, m.p., ) capryl,

25.0®, 1.45391; lauroyl, 35.5®, 1.45507; and myristoyl, 40.0®,

1.45619. The l-linoleo-2,3-diacyl triglycerides possess lower

melting points than the corresponding 1-oleo triglycerides. The
following physical constants have been observed for the 1-linoleo-

2,3-diacyl triglycerides: (l-linoleo-2,3-, m.p., nf?) dicaprylin, —13
to -12®, 1.45183; dicaprin, -1.0 to 0.0®, 1.45226; dilauiin, 15-16®,

1.45287; dimyristin, 20-21®, 1.45287; dipahnitin, 26-27®, 1.45385;

and distearin, 32-33®, 1.45462. The l-acyl-2,3-dilinoleins possess

still lower melting points, their physical constants being as fol-

lows: (acyl group, m.p., nf)) lauroyl, —12 to —11®, 1.46895;

myristoyl, —9 to —8®, 1.47010; pahnitoyl, —4 to —3®, 1.47090;

and stearoyl, 5-6®, 1.47193.

The triacid triglycerides constitute a very large group of com-

pounds, their name being derived from the fact that three different

fatty acid groups are attached to the glyceryl radical. Undoubt-

edly, many representatives of this type of triglyceride are present

in the naturally occurring fats and oils. The synthesis of such

compounds has been made possible by the observation of Verkade



THE FATTY ACID ESTERS

and van der Lee that triphenylmethyl chloride (trityl chloride)

reacts with 1-monoglycerides to yield l-acyl-3-tritylgIycerol, the

esterification of which permits of the introduction of a second acyl

group differing from the one originally present. Hydrolysis of this

compound yields a 1,3-diglyceride into which a third acyl group

may be introduced, thus yielding a triacid triglyceride. Verkade **

has described an alternate method for the synthesis of triadd

tri^ycerides which involves the removal of a trityl group from a

l,2-diacyl-3-trityl glyceride by hydrogenolysis, the reaction taking

place without a migration of the acyl groups. Esterification of the

product with a third add chloride yields the desired triadd tri-

glyceride. In 1945, Chen and Daubert prepared a number of

saturated triadd triglycerides and reported the melting points of

their a-, and /3-fonns and also their solubilities in various

organic solvents. The triadd triglycerides crystallize from certain

solvents in the intermediate jS -form rather than in the higher-

melting, stable jS-form. This is contrary to the belief that it is

always the highest-melting form which is obtained by solvent

crystallization, and is an observation of considerable significance.

A study of the x-ray diffraction data of the synthetic triacid tri-

glycerides shows that the long crystal spacings cannot be

classified by the schematic arrangement proposed by Malkin for

the simpler triglycerides. The results of this investigation indi-

cated that a correlation may exist between the long crystal spac-

ings and the molecular weights. The fact that two ciystal forms

may be obtained by solvent crystallization was definitely estab-

lished, rapid crystallization favoring the formation of the -form

and dow crystallization tending to produce the higher-melting

/J-form.

(4) The Digltcerides

The diglycerides are divided into two groups: the symmetrical

or 1,3-diglycerides, and the imsymmetrical or 1,2-diglycerides.

Many representatives of both of these groups have been synthe-

sized and their physical constants reported. It has previously been

pointed out that owing to a shift of the 2-acyl group to a terminal

position many of the diglycerides formerly reported to be 1,2-

diglycerides are actually the S3rmmetrical 1,3-isomers. For this

reason we do not have, as yet, many examples of 1,2-diglycerides

of proven constitution, and the reader should accept with reserva-

tion the earlier physical constants which have been reported for
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these compounds. Very little information is available in the

literature upon di^ycerides containing acyl groups of different

chain lengths, e.g., l-lauro-3-m3rristin.

A number of symmetrical diglycerides were prepared by Averill,

Roche, and King ^ in the course of their investigation of the tri-

^ycerides. In 1937, Malkin, el Shm^bagy, and Meara reported

the results of their x-ray and thermal examinations of the sym-

metrical diglycerides from 1,3-dicaprin to 1,3-diBtearin, and the

results of this study have afforded us an insight into the structure

and thermal behavior of these compounds. It was reported as

early as 1907 by Griin and Theimer that the diglycerides

hOH HOH

Fig. 5. Structure of diglycerides.

exhibit the phenomenon of double melting points previously ob-

served with the triglycerides. The studies of Malkin and coworkers

confirmed this observation and showed that the diglycerides are

capable of existing in several polymorphic modifications. X-ray

data showed that the diglycerides are built up of double molecules

with the two hydrocarbon chains lying parallel on the same side

of the glyceryl radical. The structure of the diglycerides as pro-

posed by Malkin and associates is shown in Fig. 5.

The polymorphism exhibited by the symmetrical diglycerides

was shown to be unusual in that three modifications of the diglyc-

erides from 1,3-dicaprm to 1,3-dipentadecanoin were observed,

whereas the higher diglycerides show only two modifications. The
vitreous form appears to be absent except in the case of 1,3-di-

laurin. The transition between the various forms was observed

to be more rapid than that nested for the triglycerides and the

above observations may be explainable on this basis. The three

modifications observed for the lower diglycerides are a, and

and for the higher, a and jS. The side spacings of the lower mem-
bers resemble those observed for the monoglycerides, whereas

those of the higher members are characteristic of those observed

for the triglycerides. The absence of the jS'-form in the higher

diglycerides was also borne out by a study of the thermal behavior

of these compounds. The melting points for the various poly-
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morphic forms of the S3mmietrical diglycerides as reported by

Malkin and coworkers are shown in Table XVII.

The melting points and long crystal spacings of the - and in-

forms indicate that the chains are tilted, the angles being calcu-

lated to be 72°12' and 66®30', respectively. These glycerides show

a typical spherulite structure when solidified from the* melt.

1,3-Diarachidin has been reported to melt at 75^ and 1,3-diolein

to be a liquid at room temperature.

TABLE XVII

Mei/tino Points of Polymorphic Forms of Symmetrical Diglyc9:rides

Melting Points, ®C

Glycende a p'

Dicaprin 37 42 44 5

Diundecanoin 43 5 47 49

Dilaurm 49 5 54 56 5

Ditridccanoin 54 5 57 59.5

Dimynstin 60 63 65 5

Dipentadecanoin 63.5 66.5 68 5

Dipalmitm 68 72 5

Dimargann 71 5 74 5

Distearin 74 78

Daubert and King have S3mthesized 1,2-dipalmitin, m.p. 64°,

and 1,2-dimyristin, m.p. 59°, by the action of 3-carbobenzyloxy-

glycerol on the respective acid chlorides, followed by hydrogena-

tion. Optically active 1,2-diglycerides have been described by
Sowden and Fischer, who reported d-1,2-distearin, m.p. 74.5-

75°, Hd -2.7° in CHCI3, and d-l,2-dipalmitin, m.p. 57-57.5°,

la]j) —2.3° in CHCI3. Verkade, Cohen, and Vroege have pre-

pared several 1,2-diglycerides through the trityl compounds and
have reported that 1,2-distearin melts at 68.5-69°, l-palmito-2-

stearin at 60.5-61°, and l-stearo-2-palmitin at 68.5-69.5°. Golen-

deev has reported the synthesis of a series of 1,2-diglycerides

through the allyl esters, the following physical constants having

been observed: 1,2-dibutyrin, 619-20 165-167°; 1,2-dipalmitin,

m.p. 70-73°; and l-stearo-2-palmitin, m.p. 73.4°. The constants

reported by this author are in question, since the possibility of a

shift in position to yield 1,3-diglycerides was not rigidly eliminated.

Symmetrical diglycerides containing an oleoyl radical have been

prepared by Daubert and Longenecker by the hydrolysis of



MONOGLYCERIDES 561

l,2-diacyI-3-trityl glycerols, the reaction being accompanied by a

shift of an acyl group from the 2-position to the 3-position. The
following physical constants were reported for the l-acyl-3-oleoyl

diglycerides prepared by this procedure: (acyl group, m.p., np)

lauroyl, 32°, 1.44335; myristoyl, 41.0°, 1.44455; palmitoyl, 46.0°,

1.44574; and stearoyl, 54.0°, 1.44690. A recent x-ray investiga-

tion of several synthetic 1,3-diglycerides has shown that a

straight-line relationship exists between the values of their long

spacings and their molecular weights. The long spacings corre-

spond to a double molecule, the glyceryl radical occup3dng approxi-

mately 8 A. The structure of the diglycerides as originally pro-

posed by Malkin and associates was thus further confirmed by
this investigation.

(5) The Monoglycerides

It has previously been shown that although the 1-monoglyc-

erides can be prepared easily by the method of Fischer, Bergmann,

and Barwind ^ and by several alternate procedures, the 2-mono-

glycerides are extremely difficult to synthesize. These authors

observed that both 1-monostearin and 1-monopalmitin exist in

two solid modifications, and later Rewadikar and Watson con-

firmed the observation that such glycerides exist in two forms and
exhibit the property of double melting. The extensive studies of

Malkin and el Shurbagy upon the thermal properties and crystal

spacings of the 1-monoglycerides established that these compounds

exhibit three modifications: a low-melting, a-form mth vertical,

rotating chains; an intermediate form, jS'; and a high-melting,

stable form, j3, the last two possessing tilted chains. The melting

points of the a-form, therefore, fall upon a continuous curve,

whereas those of the jS'- and jS-forms fall upon alternating curves.

The liquid glyceride solidifies in the a-form which then changes

into the j3'-form and finally into the stable jS-form. The stable,

high-melting form, is obtained directly by crystallization from

solvents. The transition jS' jS is quite rapid for the lower

members, e.g., 1-monocaprin; however, the higher members show

an increasing stability of the intermediate jS^-form. The melting

points and phase transitions may be followed by means of heating

and cooling curves taken over the proper temperature ranges as

previously described for the triglycerides. Malkin and el Shurbagy

have stated that the properties of these glycerides at points inters

mediate between arrests in the cooling curves resemble those of a
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liquid crystalline state. The melting points of the various poly-

morphic forms of the saturated 1-monoglycerides as reported by
Malkin and el Shurbagy are shown in Table XVIIl. The transi-

tion temperatures for the lower form vary from 8® for 1-mono-

caprin to 47.5® for 1-monostearin.

A recent x-ray study of the crystal structures of the 1- and

2-monoglycerides indicates that the glycerol residues are similarly

oriented in these isomers. The angle of tilt of the jS-form of the

TABLE XVIII

Mei/hno Points of Polymorphic Forms of 1-Monogltgerides

Melting Points, **0.

Monoglyceride a

Caprin 27 49 53

Undecanoin 36.5 52 56.5

Laurin 44 59 5 63

Tridecanom 50 61 65

Mynstin 56 67.5 70.5

Pentadecanom 62 69 72

Palmitin 66.5 74 TJ

Margann 70 74.5 77

Stearin 74 79 81.5

Arachidin . 84.0*2®

l-monoglycerides was calculated to be 68®41' and for the 2-mono-

glycerides 45® 19'. This difference is such that a 1-monoglyceride

has approximately the same long spacing as a 2-monoglyceride

containing two more carbon atoms in the acid chain. It was
pointed out that this is in approximate agreement with the re*-

spective melting points; for example, 1-monolaurin melts at 63®

and 2-monomyristin at 61.5®.

The synthesis of pure l-monoglycerides of unsaturated adds
has been accomplished only within the last few years. 1-Mono-

olein, m.p. 35.5®, tid 1.46262, has been obtained by the action of

oleoyl chloride upon acetone-glycerol in the presence of dry quino-

line. 1-Monoelaidin, m.p. 58.5®, has been prepared by a similar

procedure. This compound had been previously reported to

melt at 44.8®, a value which is in fair agreement with that of the

/5'-fonn, the melting points of the ce-, /8'-, and j9-forms being 17.6®,

44.0®, and 58.5®, respectively. Izar *** has described 1-monolinolein

as an oily liquid. The heating curves for 1-monolinolein indi-
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cate a melting point of —22.8^ for the p'^form and of 12.3^ for

the inform. The and j3-fonns of 1-monolinolenin melt at — 13.5^

and 15.7°, respectively. The higher melting point reported for

1-

monolinolenin is of interest in view of its greater unsaturation.

The s3nithesis of the optically active, H-monoglycerides con-

taining saturated acid chains varying from 2 to 18 carbon atoms

with the exception of the 13, 15, and 17 members has been re-

cently reported by Baer and Fischer.*®* The small rotation of

these optically active monoglycerides is significant. It had been

previously pointed out by Fischer, Bergmann, and Barwind®®*

that further esterification of the optically active monoglycerides

is attended by a reduction of the optical activity to a still lower

value. This affords an explanation of the fact that although many
mixed triglycerides possess an asymmetric structure few naturally

occurring fats and oils are optically ai'.tive. The optical inactivity

of the natural fats and oils may be explained by the fact that the

rotations of the enantiomorphic forms of the triglycerides may be

so small as to escape detection by the methods of measurement

now available.

The first reliable synthesis of a 2-monoglyceride was accom-

plished by Bergmann and Carter,®^* who prepared 2-monopalmitin,

m.p. 69°, by the catalytic reduction of the palmitoyl ester of 1,3-

benzylideneglycerol. The 2-monoglycerides of capric, lauric,

myristic, palmitic, and stearic acids were subsequently prepared

in a similar way by Stimmel and King,®®® who reported the follow-

ing melting points and refractive indices, np, for these esters:

2-

monocaprin, 40.4°, 1.44045; 2-monolaurin, 51.1°, 1.44240; 2-

monomyristin, 61°, 1.44420; 2-monopalmitin, 68.5°, 1.44605; and
2-monostearin, 74.4°, 1.44770. Daubert ®®® has prepared 2-mono-

palmitin and 2-monobutyrin, 64 140-141°, by the reduction of the

respective 2-acyl-l,3-ditrityl ethers. It will be noted that the

melting points of the symmetrical 2-monoesters are lower than

those of the unsymmetrical 1-monoesters. The 2-monoglycerides

are more soluble in organic solvents than the 1-isomers, the solu-

bility of 2-monopalmitin in ethanol being 4.61 g. per 100 cc. in

comparison to 4.09 g. for 1-monopalmitin. This greater solu-

bility would, however, be predictable on the basis of their lower

melting points, which also explains the greater solubilities of the

unsymmetrical triglycerides as compared with their symmetrical

isomers. The heats of combustion, — AC7r, of 1- and 2-mono-

palmitin have been reported ** to be, respectively, 2778.78 ± 0.36
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and 2788.30 zt 0.67 kg. cal./mole at 25^ and one atmosphere

pressure.

(6) Miscellaneous Glycerides

A series of mixed glycerides of salicylic acid and fatty acids has

been S3mthesized by Humnicki.^^ A number of mixed glycerides

of amino acids and the fatty acids have been described in the

literature,®^* the reported melting points being quite high. The

following are the melting points observed for several of these

mixed esters: l-glycyl-2,3-distearin, 170°; l-glycyl-2,3-dipalmitin,

215°; l-alanyl-2,3-distearin, 233°; 2-alanyl-l,3-dipalmitin, 216°;

l-leucyl-2,3-distearin, 150°; l-leucyl-2,3-dipalmitin, 219°; and

l-alanyl-2,3-dipalmitin, 216°. It was stated that these mixed

glycerides are soluble in water but insoluble in ligroin and other

organic solvents. Mixed glycerides of aromatic and fatty acids

have been described®^® and are frequently employed as inter-

mediates in the preparation of aliphatic glycerides.

The glyceryl polyesters of dibasic acids such as those of adipic

or sebacic acid have been stated to be soft, stringy, flexible resins

which become rubber-like upon gelation. Gelation occurs when

approximately thirty mole per cent of the tetramer or higher

polymer is present

MISCELLANEOUS ESTERS OF THE FATTY ACIDS

There are several other groups of fatty acid esters which deserve

mention because of their academic, biological, or commercial

interest. The chemical and physical properties of some of these

groups, for example, the cholesteryl and other steryl esters, are

well defined, whereas with other types, such as the fatty acid

esters of cellulose, our knowledge is still rather empirical.

Fatty Acid Esters of the Sterols

The fatty acid esters of cholesterol are of appreciable biological

and physiochemical interest. Small amounts of cholesteryl palmi-

tate and stearate are present in the blood and in the various animal

fats and waxes. The biological function of the various cholesteryl

esters is still not clearly understood. Cholesterol itself is levo-

rotatoiy, conferring this property upon its various esters, the rota-

tion decreasing with increasing length of the hydrocarbon chain.

The physical properties of the cholesteryl esters are of exceptional
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interest because of their ability to assume a liquid-ciystalline or

mesomorphic state. In 1888, Reinitzer**’ observed that when
solid cholesteryl benzoate is heated, it first forms a turbid liquid

which upon further heating melts sharply to a clear liquid. Al-

though these intermediate phases are pure liquids they exhibit

certain properties intermediate between those of a solid and a

liquid. This state has been defined as liquid crystallme,^^^ although

the term is somewhat misleading since this phase is not actually

crystalline. Many years later, Friedel proposed the more appro-

priate name mesomorphic state for this structure. The ability to

assume the mesomorphic state is characteristic of the cholesteryl

esters and has since been shown to be a common phenomenon with

many long-chain compounds. There appear to be two types of

mesomorphic phases, smectic and nematic. In the former of these

phases the liquid flow is not normal but consists of a gliding move-

ment in one plane, whereas in the latter phase the liquid flows

readily and exhibits a threadlike structure and comparatively

low viscosity. Certain of the cholesteiyl esters yield a so-called

cholesteric phase, which closely resembles the nematic phase but

shows a distinct layer structure and exhibits color effects in polar-

ized light, the molecular layers being "much thicker than in the

smectic phase. The cholesteryl esters from the formate to the

myiistate are capable of assuming this cholesteric phase, whereas

those above the myristate assume the smectic state. The choles-

teryl esters between cholesteryl caprylate and the myristate first

yield a smectic liquid upon heating, then change into the choles-

teric phase, and finally melt to yield a clear liquid. Such changes

are reversible and are, therefore, observed both on cooling and on

heating. With cholesteryl myristate, these transitions occur at

72°, 78°, and 83°, respectively.®®® The cholesteryl esters have been

synthesized and studied by a number of investigators,^^* ®®^ ®*®^ *®®

and the more recent studies of Page and Rudy ®®^ not only con-

stitute a compilation of the existing data but greatly expand our

knowledge of the physical constants and behavior of these esters.

The melting points of the cholesteryl esters tend to decrease with

increasing chain length of the acid. It is quite interesting that

only one melting point has been observed for cholesteryl laurate.

The rotations, turbidity points, and melting points of the choles-

teryl esters as reported by Page and Rudy are shown in Table

XIX
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Tlie cholesteiyl esters are only sparingly soluble in ethanol at

20°
;
however, they are appreciably soluble in boiling ethanol. The

lower members are quite soluble in acetone, the solubility decreas-

ing rapidly with increase in molecular weight. With the exception

of the diesters, they are easily soluble in ether. The cholesteiyl

TABLE XIX

Physical Constants of Cholbstbrtl Esters

Turbidity Melting

Ester Point, ®C. Point, ®C.

Formate -51.4 96

Acetate -47.4 115

Propionate -40.9 112 114

Butyrate -36.3 103 111.5

Valerate -34 0 92 94

Caproate -34.0 85 101

Caprylate -31.3 103 108

Caprate -29.8 82 93

Laurate -27.6 .

.

91

Myiistate -26.6 80 86

Palmitate -25.1 78 90

Stearate -24.3 78 82.5

lignocerate -18.7 87 89

Undecenoate -28.3 79 83.5

Oleate -23.4 44.5

Elaidate -23.7 56 65.5

Petroselinate -21.9 . ....

Erucate -20.8 44 48

Lmoleate -23.9 41 42

linolenate -24.3 49 74

Monoadipate -30.6 144

Diadipate -36.1 195 222

Monosuberate -29.2 127 130

Disuberate -34.9 . 179.5

esters are readily saponified by alcoholic sodium hydroxide solu-

tion, the ease of saponification increasing with increase in molecular

weight. The esters of the vegetable sterols have been investigated

by Heiduschka and Gloth,^’^ who reported the palmitate, stearate,

and oleate of stigmasterol to melt at 99°, 101°, and 44°, rei^c-

tively.

Fatty Acid Esters of Plant Alcohols

Several esters of the plant pigments and other plant alcohols

have been S3mthesized and described. Karrer and Ishikawa
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have obtained the diesters of xanthophyll by treating this sub-

stance with add chlorides in the presence of p3rridine. The follow-

ing melting points were reported for these esters: dipropionate,

138°; dibutyrate, 156°; divalerate, 128°; dicaprylate, 108°; and

dipalmitate, 89°. Goss3rpyl hexapalmitate has been prepared by
the condensation of gossypol with palmitoyl chloride.*^ The
preparation of the fatty acid esters of the tocopherols has been

patented.**^

Fatty Acid Esters of the Carbohydrates

The carbohydrate esters of the fatty acids include esters of the

sugars, starches, cellulose, and related substances. The cellulose

esters of the lower aliphatic acids, such as cellulose acetate, and of

inorganic acids, such as cellulose nitrate, are generally familiar to

all chemists. Although the cellulose esters of the higher fatty acids

are less well known, their film-forming properties are of such inter-

est that the preparation and use of these esters has been the sub-

ject of a number of scientific investigations. A rather voluminous

patent literature has been built around the higher fatty acid esters

of cellulose and allied compounds. The cellulose esters of the

higher fatty acids possess properties somewhat intermediate be-

tween those of cellulose and the fatty compounds, the specific

properties depending upon the length of the alkyl chain of the

acid and the number of acyl groups introduced into the cellulose

molecule. In general, the monoesters resemble cellulose in appear-

ance and are insoluble in organic solvents, whereas the di-, tri-,

and polyesters are soluble in organic solvents and possess ^'fat-

like” properties. Even the insoluble esters swell in organic sol-

vents and the esters are obtained as somewhat brittle films upon
removal of the solvent. When the acyl group or groups are re-

moved by hydrolysis the original cellulose is generally regenerated,

indicating that esterification is not accompanied by a profound

change in the structure of the cellulose molecule. The monoesters

generally decompose before melting; however, many of the poly-

esters melt over a temperature range, the melting being accom-

panied by some decomposition. Many examples of mixed cellu-

lose esters, i.e., esters which contain two or more different acyl

groups in the ester molecule, have been described in the literature.

Such esters are prepared by the further esterification of a cellulose

ester, by ester interchange, or by esterification of the cellulose

with a mixture of adds, acid chlorides, or anhydrides.
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The most frequently emplo3red method for the preparation of

cellulose esters is that proposed by Griin and Wittka,^ which

consists of treating the cellulose in benzene suspension with acyl

chlorides, in the presence of p3nidme or other acid acceptor.

Cellulose monostearate, distearate, and dilaurate have been pre-

pared by this procedure, the first of which was described as being

almost insoluble in organic solvents and in copper oxide-ammonium

hydroxide solution. It has been stated ^ that regenerated cellu-

lose prepared from viscose cannot be esterified with the higher acid

chlorides by this method because of the close union of the pyridine

and cellulose brought about by the high acidity of the cellulose.

Soluble cellulose esters of the higher fatty acids have been ob-

tained by Gault and Ehrmann by the action of acid chlorides

on hydrocellulose in the presence of pyridine and toluene. The
reaction 3rields not only the insoluble monoesters but also the more
soluble diesters and the soluble triesters, the mixture being sepa-

rated by virtue of these solubility characteristics. Mixed cellulose

esters, such as laurodinitrocellulose or laurodiacetocellulose, have

been obtained by the esterification of cellulose nitrate or acetate.

Such esters have been described as completely soluble in aromatic

solvents. Gault and Ehrmann have stated that the esterifica-

tion of cellulose nitrate proceeds with some difficulty and that

the resulting esters are much less inflammable than the original

cellulose nitrate. As previously stated, it has been reported

that all the monoesters of cellulose are insoluble in benzene, whereas

the di- and triesters are appreciably soluble. In a study of the

capiylic acid esters of cellulose it was shown by x-ray measure-

ments that the introduction of acyl groups up to sixty weight per

cent does not alter the structure of the original cellulose. The
preparation of esters from lignocellulose has been observed

to yield a mixture of products, the main components of which are

the cellulose esters. The yields of mono-, di-, and triesters ob-

tained by the action of acid chlorides on cellulose are dependent

not only upon the relative proportions of the reactants employed

but also upon the temperature and other reaction conditions.*^®

The action of phosphorus halides on the cellulose esters has been

investigated.*®®

The differences in the physical properties of the various mono-,

di-, and triesters of cellulose can be illustrated *®^ by a comparison

of the various laurates. The monolaurate is obtained in the form

of short fibers insoluble in benzene and decomposing at 190-200°;



ESTERS OF THE CARBOHYDRATES 509

me Oiiaurate forms fibrous granules melting with decomposition

at 85-90°
;
and the trilaurate is a plastic mass which is elastic when

hot, begins to soften at 90°, and is completely liquid at 170°. The
latter two esters are quite soluble in organic solvents. The mono-,

di-, and tripalmitates melt at 180°, 100°, and 80°, and the stearates

at 180-190°, 85-89°, and 75°, respectively. The preparation of a

soluble cellulose undecenoate and of the mono-, di-, and tri-

caproates of cellulose has been described. The treatment of

cellulose xanthate and other cellulose derivatives with fatty add
chlorides has been investigated,^^ as has also the preparation of

cellulose stearates by the direct esterification of cellulose with

stearic acid in the presence of monochloroacetic acid. The prepa-

ration of the soluble cellulose esters of the fatty acids has been

reviewed by Gault and Ehrmann; however, our knowledge of

such compounds has been considerably expanded since this publi-

cation.

The patent literature contains many references to the prepara-

tion, properties, and uses of the cellulose esters of the higher fatty

acids. In 1899, Weber and Cross described the s3mthesis of

cellulose butyrate by the action of butyryl chloride and butyric

anhydride on cellulose in the presence of magnesium butyrate.

This ester has also been obtained by the action of butyric acid or

its anhydride on cellulose in the presence of sulfuric acid,®^* and it

has been suggested that the cellulose may first be impregnated

with the catalyst and then esterified. A soluble cellulose butyrate

has been obtained by first soaking the cellulose in a mixture of

sulfuric and butyric acids and then subjecting the product to the

action of butyric anhydride. The esterification of ceUulose by
acid chlorides in the presence of organic bases and chlorinated

solvents has been disclosed by Berthon,®®^ and the use of tempera-

tures of 140° or higher has been suggested for carrying out ester-

ification reactions involving cellulose. It has also been proposed ®®®

to employ temperatures below 110°, followed by a treatment of

the reaction mixture at higher temperatures, for the preparation of

soluble cellulose esters. The use of fatty acid anhydrides in the

presence of sulfuric acid has been suggested ^ for such esterifica-

tions, and it has been stated ®®® that free fatty acids may be em-

ployed in the presence of chloroacetic acid and phosphoric add.

It has been observed that soluble esters are produced when the

insoluble cellulose esters are heated with chlorinated solvents in

the presence of acidic or basic salts,®®® or writh phosphorus oxy-
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dblorides.*^ The same ^ect has been claimed to be brought

about by heating the esters in a liquid medium containing psoidin-

ium chloride.

The preparation of mixed cellulose esters has frequently been

described; for example, the action of a mixture of fatty acid

chlolides on cellulose yields mixed cellulose esters.*®®’*™**^ The
(^theses of mixed esters such as cellulose laurate phosphate,*”

mixed esters of the higher and lower fatty acids, *” or mixed

cellulose-ricinoleate esters *” have also been accomplished. Cellu-

lose may be simultaneously esterified by the mixed acid chlorides

or the process may be carried out stepwise.®^* The preparation of

mixed esters by the action of high molecular weight acid anhydrides

on cellulose acetate has been described.®” The use of magnesium

perchlorate as a catalyst for the preparation of mixed cellulose

esters has been proposed,®®® as has the combined use of this catalyst

and chloroacetic anhydride.®®^ The simultaneous action of acetic

anhydride and halogenated organic acids in the presence of mag-
nesium perchlorate yields mixed esters such as cellulose acetate-

2-bromostearate.®®® The sulfo derivatives of aliphatic hydrocar-

bons have been proposed ®®® as catalysts for the esterification of

cellulose.

Many uses have been suggested for both the simple and the

mixed cellulose esters; for example, they can be employed for

waterproofing paper ®®* or as a protective coating for metals.®®®

Where the films are too brittle it has been suggested ®®® that they

be plasticized with the alkyl esters of the fatty acids, such as ethyl

stearate.

The starch esters of the higher fatty acids are closely allied to

those of cellulose and are prepared by generally similar methods.

Karrer and Zega ®®^ have obtained starch hexapalmitate, sintering

at 54^ and melting at 75°, [a]i> 53.54^, and starch hexastearate,

sintering at 69° and melting at 86°, [ajif 49.38°, by the action of

the respective acid chlorides on starch. The yields were observed

to be much higher than with cellulose; however, these authors

succeeded in preparing cellulose hexastearate, sintering at 83°

and melting at 148°, [ajr?—0.79°. The preparation of the fatty

add esters of starch by the action of acid chlorides in the presence

of pyridine or other acid acceptors is the subject of several pat-

ents.*®®-®*®-*” The products are described as odorless, non-inflam-

mable, and soluble in organic solvents.
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The fatty acid esters of the sugars have many of the properties

of the glyceryl esters. Such esters can be obtained by the action

of acid chlorides on the sugars in the presence of acid-binding

agents. Hess and Messmer have prepared the pentapalmitoyl,

pentastearoyl, and pentaoleoyl esters of glucose, the octapalmitoyl

and octastearoyl esters of sucrose, the hendecapalmitoyl and hen-

decastearoyl esters of raffinose, and other esters of the sugars and

fatty acids. Some of the physical constants which have been

reported for these sugar esters are as follows: pentacaproylglucose,

60.01 240-245° ;
pentapalmitoylglucose, m.p. 65-67°

;
pentastearoyl-

glucose, m.p. 70-71°; octapalmitoylsucrose, m.p. 54-55°; octa-

stearoylsucrose, m.p. 57°; and hendecapalmitoyl- and hendeca-

stearoylraflSnoses, m.p. 43° and 63°, respectively. As previously

stated, such esters resemble the glycerides more closely than they

resemble the carbohydrate esters. Bloor has shown that the

glucose esters are readily assimilated in the animal body. The
preparation of the fatty glucosides has been studied by Gilchrist,*®*

and more recently Noller and Rockwell *®^ have prepared a series

of alkylglucosides. The alkylglucosides melt over appreciable

temperature ranges, the observed values being as follows: hexyl,

88-91°; octyl, 65-99°; nonyl, 65-118°; decyl, 75-130°; dodecyl,

77-137°. The alkylglucoside tetraacetates melt at lower tempera-

tures and over a much more limited range. Among the interesting

uses for the esters of the sugars and the fatty acids may be men-

tioned that suggested by Rosenthal and Lenhard,*®* who proposed

the use of esters of sucrose and highly unsaturated acids as drying

oils.
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vra

THE NITROGEN-CONTAINING DERIVATIVES

OF THE FATTY ACIDS

Few, if any, series of derivatives of naturally occurring or syn-

thetic substances possess the intrinsic academic and commercial

interest which is to be found in the nitrogen-containing derivatives

of the fatty acids. An interesting consideration regarding such

compounds is the wide range of physical and chemical properties

which characterizes the various representatives of this class. Such

derivatives range from the comparatively neutral, waxlike amides

on the one hand, to the highly basic amines on the other, the salts

of which possess marked surface active properties. The nitrogen-

containing derivatives of the fatty acids embrace a very large

number of compounds which, for the purposes of this discussion,

have been divided into three general types. The first of these, the

amides, substituted amides, and related compoimds, comprise a
large group, many of the representatives of which possess char-

acteristic and distinctive properties. The second group, the

i^riles, are important intermediate products, whereas the last

group, the ^ines, constitute an important series of organic bases

from which are obtained the amine salts, the quaternary ammo-
nium compounds, and many other chemicals which are proving to

be of increasing scientific interest.

THE AMIDES, SUBSTITUTED AMIDES, AND RELATED
DERIVATIVES OF THE FATTY ACIDS

The fatty amides, RCONH2, are related to the fatty acids in

that the hydroxyl group of the add is replaced by an amino group.

The substitution of alkyl, aryl, or other groups for one or both of

the amino hydrogens yields the substituted amides of which many
representatives have been described in the literature. The latter

can be prepared directly from the acids or their derivativea hv
581
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reaction with amines, or they may be obtained by substitution

reactions involving the hydrogens of the amino group.

Preparation of Amides

A variety of methods have been proposed and investigated for

the preparation of the amides and substituted amides of the fatty

adds. The oldest of such methods, and one which is still exten-

dvely used, involves the dehydration of an ammonium or amine

salt of a fatty acid. Acid amides, such as oxamide, were prepared

by Dumas as early as 1830 by the dry distillation of the correspond-

ing salts. Later, Hofmann ^ found that the higher amides, such

as stearamide, can be obtained simply by heating the ammonium
salts of the fatty adds, and Menschutkin ^ prepared a series of

amides by heating the sodium salts of the fatty acids with ammo-
niiun chloride. Stearamide was first prepared by Carlet ’ by heat-

ing ethyl stearate with an alcoholic solution of ammonia; however,

Meyer ^ later showed this reaction to be reversible. Modifications

of these methods have been employed by other investigators

for the preparation of fatty acid amides, and many subsequent

studies have been made relative to the rates of decomposition of

the ammonium or amine salts, the optimum conditions for such

reactions, and the equilibria involved. Fundamentally, such

procedures involve simply the dehydration of the ammonium or

amine salts of the fatty acids by the following reaction:

RCO2NH4 RCONH2 + H2O

Since the amide may lose a further molecule of water to form

the nitrile, it is necessaiy that the proper reaction conditions be

employed in order to obtain high yields of the amide. Dehydration

procedures are especially adaptable to the preparation of the high

molecular weight substituted amides, an example being the forma-

tion of N-octadecylacetamide by heating octadecylammonium
acetate.^ The decomposition of a number of salts of octadecyl-

amine and dodecylamine to form the corresponding amides has

recently been studied.® An illustration of this procedure is the

preparation of N-octadecylstearamide by heating octadecylam-

monium stearate at 225-250^ for a period of 15~30 minutes in an
atmoi^here of nitrogen, the yield being 98%.

In the preparation of the higher molecular wei^t amides it is

quite apparent that the formation and dehydration of the ammo-
mium soaps may be conducted (dmultaneously. This may be ac-

complished by passing ammonia into the heated acids contained in
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a closed vessel, the water and excess ammonia being removed con-

tinuously. Such processes form the basis of several early pat-

ents.^ Mitchell and Reid,^ in their study of the preparation of

amides by passing ammonia gas through the heated adds in such

a manner that the water is continuously removed, concluded that

the reaction velocity becomes appredably slower with increasing

molecular weight of the acids. They reported that no amide was
obtained from palmitic or stearic acid at 125^ or 190^. High yields

of the lower molecular weight amides were, however, reported by
these authors, and it has subsequently been shown that their

conclusions with reference to the preparation of palmitamide and
stearamide were erroneous. Dimethyl amides result when the

fatty acids are similarly treated with dimethylamine, the yields

being comparable to those of the unsubstituted amides. A series

of saturated amides of high purity has recently been prepared

by this method, the procedure employed being as follows:

Ammonia was passed through the acids at 190-210® for 10-14 hours

to obtain the amides. The crude product was poured into water while

still hot to remove excess ammonia and any ammonium soap which

was formed. The product was then dissolved in tetrachloromethane,

washed free of fatty acid with alcoholic potassium hydroxide, and

recrystallized from acetone until a constant freezing point was ob-

tained.

Anilides are similarly obtained by heating the fatty adds with

aniline, added dropwise, for 2-3 hours at 150-170®. The use of

surface catalysts such as silica gel to promote amide formation has

been suggested,^^ and Nill “ has described the preparation of

stearanilide by passing the preheated vapors of aniline through

stearic acid maintained at a temperature of 235®. Bruson has

obtained a series of amides containing seven or more carbon atoms

by heating a mixture of the acids and urea at temperatures ranging

from 180® to 250®, and D'Alelio and Reid have reported that

pure amides may be obtained by using approximately 0.5 mole of

urea per mole of aliphatic monocarboxylic acid and operating at

temperatures not exceeding 160®. The preparation of a number
of amides of both mono- and dicarboxylic acids is described in this

last patent. Temperatures of 170-180® are employed for the

i^3nithesis of the diamides.

One of the earliest methods for the preparation of amides con-

sists of treating acid chlorides with dry ammonia or an amine. This

procedure was first employed by Liebig in 1832 and has subse-

quently been used for the preparation of a wide variety of both
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substituted and unsubstituted amides. Among the first descrip-

tions of its use for the i^thesis of amides of the higher fatty acids

may be mentioned the preparations of caproamide by Henry, of

capiylamide, undecanamide, undecenamide, and stearamide by
Aschan,^ and of a series of saturated amides by Krafft and

Stauffer.^^ The preparation of stearamide by this method has been

described by Orton,“ who also reported that low yields of amides

are obtained from the dicarboxylic acids by its use. The method
is especially adaptable to the preparation of amides of high purity

and was employed by Guy and Smith®* for the preparation of

palmitamide and stearamide, which were used in their physico-

chemical studies of these compounds. Substituted amides such

as N,N-dimethylcaproamide and N,N-dimethylcaprylamide have

been prepared ^ by adding acid chlorides dropwise to a concen-

trated aqueous solution of an amine. The synthesis of stearanilide

and of N,N-diphenyl amides by the action of acid chlorides on

aniline or diphenylamine has been described.^® In the former in-

stance, aniline is added dropwise to stearoyl chloride maintained

at a temperature below 60®, whereas the N,Nr-diphenyl amides are

obtained by heating the appropriate acid chlorides with diphenyl-

amine for 2-4 hours at 135-145®.

The ammonolysis of fats or of other esters of the fatty acids is

one of the recognized methods for the preparation of both substi-

tuted and unsubstituted amides. Such processes bear a close

similarity to ordinary hydrolytic reactions, the ammonia function-

ing as H”*" NH2
”". In these reactions, therefore, the NH2 group

corresponds to the hydroxyl of water, the ammonolysis of an ester

being represented thus:

RCO2R' + HNH2 — RCONH2 + R'OH

Reactions of this type were first investigated with amines such

as aniline, the action of which resembles that of anhydrous am-
monia. When fats are heated with aniline in sealed tubes at 230®

for five hours, they are partially converted to anilides and glyc-

erol,®® and de'Conno®* has stated that these anilides may be

separated by fractional distillation. The preparation of amides

by the action of ammonia on fats involves the principles inherent

in the use of aniline or other amines; however, it appears to have

been studied only comparatively recently. In 1934, Oda®^ re-

ported that fats are quantitatively converted into amides and
glycerol when heated under pressure with liquid ammonia for one
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hour at 65^. Catalysts such as ammonium chloride have a pro-

moting effect upon reactions of this type. A Russian patent

issued in 1937 discloses the preparation of amides by the treatment

of fats with liquid ammonia at 20-40® under a pressure of S-15

atmospheres, in the presence of catalysts such as ammonium salts

of inorganic acids or metallic amides. Increase of temperature,

the addition of ammonium chloride, or the presence of an emulsi-

fier increases the velocity of the ammonolysis.^® It was reported,

however, that the reaction proceeds faster with gaseous ammonia
at 100® under a pressure of 60 atmospheres than in liquid ammonia.

The ammonolysis of oils and fats by the action of liquid ammonia
in the presence of ammonium salts has been shown to result in

essentially quantitative yields of amides and glycerol. The prepa-

ration of amides by the action of liquid ammonia on fats, acid

chlorides, or fatty acids has been described in the patent litera-

ture.*^ The amidation of aliphatic esters by treatment at 100®

under pressure with aqueous solutions of aliphatic amines has also

been described.**

The partial hydrolysis of nitriles 3nelds amides according to the

following reaction:

RCN + HjO RCONH2

This reaction may be accomplished by treatment of the nitriles

with concentrated hydrochloric acid, sulfuric acid, or glacial acetic

acid at low* temperatures. The amide precipitates as a white

solid. The preparation of capramide from caprinitrile by this

method has been described as follows: ^*

Highly purified caprinitrile (10 g.) was poured into concentrated

sulfuric acid (200 ml.) and left for 24 hours. The addition product thus

formed was then hydrolyzed by pouring the mixture over a large excess

of ice, and the amide which precipitated was filtered and recrystallized

from acetone.

Nitriles are converted into amides by treatment with hydrogen

peroxide in alkaline solution, the action proceeding with the libera-

tion of oxygen.** An interesting method for the preparation of

amides consists of heating mixtures of fatty acids and potassium

thiocyanate.*^** Hofmann,^ however, has reported that the

yields obtained by this method are small, and the procedure has

not been extensively employed for the preparation of the higher

amides.
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The preparative methods which have been discussed are of

rather general adaptability. Procedures such as the action of

gaseous ammonia or amines on adds or acid chlorides are par-

ticularly suited to the laboratory preparation of these compounds,

but the choice of a method is largely optional. A number of

specialized methods have been described in the literature for the

preparation of amides, and such procedures will be discussed when

specific amides are considered.

Physicsal Properties of the Amides of Fatty Acids

No series of aliphatic compounds offers more of a challenge to

the physical chemist than do the amides. Present-day theories as

to their structure and physical behavior are controversial, and

contradictory observations can apparently be presented against

every rational explanation of their behavior. Statements as to

their structure cannot be accepted with any pretense of finality

and the present tentative conclusions will have to be verified by
many more detailed and exacting studies. It is for this reason that

the amides are of unusual interest, and the many observations

which have been reported relative to their physical and chemical

behavior should be carefully considered.

Quite unlike other series of aliphatic compounds, the amides do

not exhibit the gradation in physical properties in the solid state

which characterizes most homologous series. The relatively high

melting points of the amides together with their unusual solubility

characteristics have long been attributed to some form of molecular

association.

Most of the work bearing upon the structure of the amides has

been confined to those containing six or less carbon atoms; however,

it is reasonable to assume that such investigations have a direct

bearing upon the structure of the higher molecular weight amides.

It is evident that the monomeric amides may possess at least two

tautomeric structures, the keto form RCONH2 and the enol form

RC:(NH)OH, and that these two structures may be in dynamic

equilibrium either in the monomeric state or in relation to a

polymer. Earlier workers were too much inclined to assume that

the amides must possess a fixed structure, either the keto or the

enol form, and many papers have been published in support of

one or the other. The keto structure of the amides was questioned

in 1868 by Wanklyn and Schenk,®* who suggested the structure
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NH:C(NH2)0H for carbamide, and later by Rathke,” who pro-

posed the formula NH:C(NH2)SH for thiocarbamide. A few

years later, it was suggested that benzamide has the structure

NH:C(C6H6)0H and not NH2COCeH6 . The work of Auwers

and associates showed the amides to be associated in benzene

solution, and since association was at that time supposedly de-

pendent upon the presence of a hydroxyl group the enol structure

for the amides was assumed. This contention, however, was later

modified by Auwers,^ who postulated that the trivalent nitrogen

atom may be involved in amide association. In an attempt to

distinguish between the keto and enol structures for the amides,

Meldrum and Turner" determined their molecular weights by

the ebullioscopic method in a series of solvents, confirming the

fact that the amides are associated in solution. Their results were

in substantial agreement with the Nemst-Thomson theory that

association is greater in non-polar solvents. These authors,

however, did not consider that their results substantiated the enol

structure for amides and suggested that the trivalent nitrogen or

the oxygen atom of the group —CONH2 may be responsible for

the association. The prior work of several investigators

which purported to favor the keto structure RCONH2 for the

amides was mentioned in support of their contention. Arguments

to the contrary, however, have been presented by several work-

ers.4*-43 In a further study of the stnicture of the amides and sub-

stituted amides, Meldrum and Turner ^ observed that the extent

of association decreases Avith increasing molecular a\ eight, that the

presence of phenyl groups decreases association, and that the sub-

stitution of both amino hydrogens yields substances of normal

molecular size. Thus aromatic amides are less strongly associated

than aliphatic amides, whereas the anilides show less tendency

towards association than the corresponding amides It also ap-

pears that the presence of an amino hydrogen in the amide molecule

IS a prerequisite to its association, since substances such as N-
methylacetanilide are apparently incapable of forming associated

molecules. Mascarelli and Benati " had previously shown that

the substitution of both hydrogens attached to the amide nitrogen

yields compounds which are not associated. A necessary conclu-

sion from these observations is that the association of the amides

cannot be explained merely by the presence of the trivalent nitro-

gen atom. The quite high molecular weights of the amides in
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water, in spite of the high dielectric constant of the latter, have

been cited ^ as representing an apparent exception to the Nemst-
Thomson theory.

The concept of hydrogen bonding “ has done much to explain

association and has rendered somewhat questionable the ordinary

ebullioscopic and cryoscopic methods for molecular weight deter-

mination. More recent work has pointed out the strong hydro-

gen-bonding characteristics of the amide nitrogen atom. In their

studies of the amides and sulfonamides, Chaplin and Hunter ^

emphasized that the dependence of association upon the presence

of the amidic hydrogen atom clearly points to hydrogen bonding

as the cause of association. They have suggested that the bonded

hydrogen atom is shared between the nitrogen atom of one amide

group and the oxygen atom of another.

Association of the amides may result in either linear or cyclic

polymers involving either the keto or the enol form. The dissocia-

tion of these polymers into monomers can yield the amide, the

imino alcohol, or mixtures of these, the course depending upon
environmental conditions. Thus, intermolecular hydrogen bond-

ing involving resonating forms may explain both association and

the tautomeric behavior of the amide molecule. In their studies

of the hydrogen-bonding characteristics of the amides, Copley,

Zellhoefer, and Marvel have suggested the formation of linear

polymers, an example of which is the following:

R R

i H <!;

^ \ I / \—O N—H--0 N—H -O N—H--

A V A
A

It was pointed out, however, that linear polymerization, as in the

case of the alcohols, yields compounds of low melting point,

whereas the melting points of the amides are unusually high, and
that association of the amides exclusively through the enol form

would involve a rearrangement equivalent to ionization of a

hydrogen atom,®* an occurrence rather improbable in a non-polar

solvent. The x-ray investigations of Henderson have indicated

that the amides are associated as cyclic dimers, two resonating
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structures of which were proposed by Copley, Zellhoefer, and

Marvel,®^ thus:

H H

iIl ^

These authors have further stated that the properties of amides

may possibly be|pcplained by a type of association brought about

by the fusion of dimers, the structure of th,e resulting pol3aner

being represented as follows:

i

H

The high dielectric constants and dipole moments which have been

reported 62.63 fgj. amides argue against a symmetrical cyclic

structure, since such configurations would bring about a neutrali-

zation of the dipole moments. However, it has been stated ^

that the values observed for these constants may be explained by
assuming the presence of an appreciable amount of monomer.
Pauling and Sherman ^ have pointed out the resonating nature of

the unsubstituted amides, the excited form being R—CC +
^NH2

with a moment of approximately 10, and Kumler and Porter “

have added that it is also reasonable to assume that resonance

occurs in substituted amides. They expressed the opinion that

the unsubstituted amides do not exist to a large extent in the im-

inohydroxy form. Studies of the infrared absorption spectra

and of the ultraviolet absorption testify to the tautomeric nature

of the amides, and the presence of the enol isomer is evidenced by
their chemical behavior. The significance of hydrogen
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bonding in explaining the phyracal properties of the amides has

been pointed out by Lassettre and the many investigators previ-

ously dted.

From the above discussion it is evident that much is yet to be

learned concerning the actual structure of the amides. Structures

formulated upon hydrogen bonding and resonating forms can ex-

plain many of the observations relative to the observed association

characteristics and tautomeric nature of the amides, but certain

facts appear to be at variance with all proposed structures. The
possibility of an asymmetric cyclic structure||[jbi which amide

molecules are combined as side chains may perhaps warrant

further investigation.

The melting and freezing points of the unsubstituted amides of

the saturated acids are unusual in several respects, and we do not

as yet have a satisfactory explanation for their behavior. It is

subsequently shown that such irregularities are not confined to the

melting points, but manifest themselves in solubility characteristics

and other physico-chemical behaviors. Most homologous series

of aliphatic compounds show a well-defined trend in melting

points, the values falling to a minimum in the vicinity of the

compound containing five carbon atoms and then rising with

increa^g molecular weight, the differences between successive

members becoming less as the series is ascended. This generaliza-

tion applies to both alternating and non-alternating series.

The melting points of the amides alternate from even to odd

members in the sense that they can be plotted upon two generally

dmilar curves. In both the odd and the even series the melting

points rise abruptly from the initial member, then fall irregularly

to a minimum which occurs at seven carbon atoms in the odd

series and at ten carbon atoms in the even (Fig. 1). Wide fluctua-

tions, therefore, occur in the melting points of the lower molecular

weight members of this series. On the other hand, the similarity

in melting points of the higher members is quite striking, large

differences in molecular weight having little effect upon the melting

points. For example, capiylamide freezes only 3.8^ lower than

stearamide. Substitution of an amino hydrogen brings about a

profound dhange in the melting point curves. Robertson has

shown that the melting points of both even and odd anilides fall

to a minimum at the eighth and ninth members, respectively, the

fall being extremely abrupt between propionanilide and valer-

anilide in the odd series and between caproanilide and caprylanilide
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in the even (Fig. 2). The effect of sutmtitution in the phenyl group

of the anilides upon the melting point curves was studied by

Robertson, who observed that the p-toluidides show an extremely

rapid initial drop, followed by a slight fall in the even series and a

slight rise in the odd. In every series examined (o-toluidides,

o-bromo-p-toluidides, and 2,4,6-tribromoanilides), substitution
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within the phenyl group is attended by some modification in the

shape of the melting point curves. D’AleUo and Reid^ have

prepared a series of N-methyl amides of the saturated acids from

formic to stearic acid inclusive and have noted the very striking

similarity which exists between the melting point behavior of these

N-methyl amides and that of the corresponding acids (Fig. 3).

Fig. 3 Melting points of N-methyl amides and saturated acids.

With the exception of the lower members, the melting points of

the anilides are lower than those of the amides. The very low

melting points of the lower N-methyl amides when compared to

those of either the amides or the anilides are extremely note-

worthy and suggest a fundamental difference in physical struc-

ture. However, with increase in molecular weight the melting

points of the N-methyl amides and the anilides approach each

other quite closely.

Many investigators have reported melting point or freezing

point data for the amides and for the

The currently accepted values, together
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Trith the melting points of the N-methyl amides as reported by
D’Alelio and Reid,” are compiled in Table I.

Other constants for the N-methyl amides are: N-methylpro-

pionamide, 690 146°, 1.4345, <4® 0.9304; N-methylbutyramide,

690 166°, »D 1.4365, 0.9108; N-methylvaleramide, 699 169°,

TABLE I

Melting Points of Amides, Anilides, and N-Methyl Amides of
Saturated Acids

No. of C Melting Points, ®C.

Atoms in

Cham Amides

2 82

3 77

4 115

5 106

6 101

7 96.05 *

8 105.9 *

9 98.8*

10 98.5*

11 99

12 102 4*
13 100

14 105 1
*

15

16 107.0*

17

18 109 7*
20 108

22 111-112

Denotes freezing point.

Amhdes N-Methyl Anudes

112 28

106 -43.0

96 -5 2

63 -25.5

92 13.6

65 14.0

55 38.9

57 39.1

69.5* 57.3

71 56 0
77.2* 68 4

80 68.2

84 78.4

78.3

90.2* 85 5

. 84.8

94 92.1

101-102

Wd 1.4401, 0.933; N-methylcaproamide, 690 183°, 1.4431,

dl® 0.8925; N-methylenanthamide, 615 151°, no 1.4450, df® 0.8869;

N-methylcaprylamide, 615 161.5°; and N-methylpelargonamide,

615 175°.

The melting points of the amides and the anilides as reported

by Robertson ^ are shown plotted against the number of carbon

atoms in Figs. 1 and 2. The distinct difference in the curves formed

by these two series of compounds is quite evident.

Figure 3 shows the melting point curve of the N-methyl amides

as determined by D'Alelio and Reid compared to that of the
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corresponding acids. The close similarity in these two curves, as

pointed out by these authors, is apparent.

Only a few reliable values for the physical properties of amides

of the unsaturated acids are available in the literature. Oleamide

has been reported to melt at 75-76° “ and elaidamide at 93-04°.“

Erucamide melts at 82.5-83°, erucanilide at 65.5-66°, and brassid-

amide at 94°.“ The amide of ricinoleic acid melts at 66° and the

amide and anilide of chaulmoogric acid at 104° and 89°, respec-

tively.

The dibasic acids form two series of amides, the mono- and the

diamides. The monoamides of the lower dibasic acids are quite

water soluble; the diamides of these acids possess limited solubili-

ties in water. The following are some of the physical constants

which have been reported for the amides of the dibasic acids:

adipic acid, monoamide,*® m.p. 125-130°, diamide,*^ m.p. 220°;

suberic acid,*® monoamide, m.p. 125-127°, diamide, m.p. 216°;

azelaic acid,*® monoamide, m.p. 93-95°, diamide, m.p. 175-176°;

sebacic acid,*® monoamide, m.p. 170°, diamide, m.p. 210°. Hill

and Carothers ** have prepared a number of mono- and dianilides

of the dicarboxylic acids and have reported the following values

for their melting points: (acid, m.p. of monoanilide, m.p. of di-

anilide) pimelic, 108-109°, 155-156°; suberic, 128-129°, 186-187°;

azelaic, 107-108°, 186-187°; undecanedioic, 112.5-113°, 160-161°;

dodecanedioic, 123°, 170-171°; brassylic, 118.5-119.5°, 160-161°;

tetradecanedioic, 124-125°, 169.5-170°; octadecanedioic, 128-129°,

162-163°. Bamicoat ** has prepared the p-bromoanilides, o-tolui-

dides, and p-toluidides of several of the dibasic acids. A number
of substituted amides of the monocarboxylic fatty acids have been

prepared by Robertson ®® in a study of the physical constants of

such compounds. The melting points of the p-toluidides, o-tolui-

dides, and /^-naphthyl amides as reported by this author are shown
in Table II.

Several other series of substituted amides have been synthesized

by Robertson ®® and also by de'Conno,®® some of the reported

melting points being as follows: a-naphthyl amides—^myristic

110°, palmitic 112.8°, stearic 110.8°, arachidic 99°, oleic 60°,

erucic 73°; 2>-bromoanilides—caproic 105°, enanthic 98°, caprylic

108°, pelargonic 100°, capric 102°, undecanoic 102°, lauric 104°,

myristic 107°, palmitic 110°, stearic 114°; p-hydroxyanilides

—

myristic 113°, palmitic 131°, stearic 132°, arachidic 115°, oleic 80°,

erucic 114°; p-methoxyanHides—myristic 101.5°, palmitic 108°,
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stearic 104^, arachidic 106^, oleic 67^, erucic 85?
;
2>-ethoxyaiiilides

—^myristic 108°, palmitic 109°, stearic 110°, arachidic 111°, oleic

72°, erucic 87°; o-bromo-p-toluidides—caproic 84°, enanthic 90°,

caprylic 78°, pelargonic 86°, capric 82°, undecanoic 91°, lauric 85°,

tridecanoic 95°, myristic 89°, stearic 97°; 2,4,6-tribromoanilides

—

caproic 136°, enanthic 134°, caprylic 131°, pelargonic 131°, capric

129°, undecanoic 129°, lauric 126°, myristic 124°; a-bromo-/3-

TABLE II

Melting Points of Substituted Amides of the Saturated Acids

Melting Points, ^C.

Acid p-Toluidide o-Toluididc /5-Naphthyl Amide

Acetic 153 no 132

Propionic 126 87

Butync 75 79 125

Valeric 74 70 112

Caproic 73 71 107

Enanthic 80 68 101

Capryhc 70 69 103

Pelargonic 84 73 103

Capnc 78 76 104

Undecanoic 80 78

Lauric 87 83 106

Tndecanoic 88 85 107

Mynstic 93 88 108

Palmitic 98

Stearic 102 97 112

naphthyl amides—caproic 120°, enanthic 111°, caprylic 104°,

pelargonic 103°, capric 102°, lauric 99°, myristic 100°, stearic 106°.

Several p-xenyl amides have been prepared by Gilman and Ford “

by heating the acids in sealed tubes with equimolar quantities of

p-xenylamine. The following melting points were reported for

these compounds: lauric, 146°; myristic, 143°; palmitic, 142°; and

stearic, 143°.

An interesting series of N-octadecyl and N-dodecyl amides of

the saturated acids has recently been obtained by Hunter® by

the p3n:olysis of the corresponding salts of octadecyl- and dodecyl-

amine, the method employed being similar to that previously used

by Hunter, Harber, and Gilman.® The following melting points

were reported for the N-octadecyl amides (RCONHC18H37)

:
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formic, 68-68.6“; acetic, 78-78.5“; propionic, 77-77.5“; butyric,
76-

76.5“; valeric, 76-76.6“; caproic, 78-78.5“; capiyUc, 79-79.5“;

capric, 83-83.5“; lauric, 87.5-88“; myristic, 89-89.5“; palmitic,

91.5-92“; stearic, 95.5-96“; and for the N-dodepyl amides

(RCONHCi2H26): acetic, 53-^“; propionic, 53-63.6“; lauric,

77

-

77.5'*; myristic, 84-86“; palmitic, 82.5-83°; and stearic, 85-

85.5“. It is noteworthy that these compounds do not show the

wide fluctuations in melting points exhibited by the unsubstituted

anoides and that the melting points, with the exception of those

of the first members, increase regularly with increase in carbon

content of the amide chain.

Sevffl^ other series of monosubstituted amides have been pre-

pared and described; for example, the N-isobutyl amides of the

following saturated acids have been obtained by Asano: caprylic,

67 154-156“; pelargonic, 162°, m.p. 37-38°; capric, 171°,

m.p. 37-38°; undecanoic, m.p. 51°; and lauric, m.p. 51°. D’Alelio

and Reid” have prepared the N-(2-hydroxyethyl) and N-(2-

hydroxypropyl) amides of the saturated acids by reaction of the

respective ethyl esters with 2-aminoethanol and l-amino-2-pro-

panol. The following melting points were reported for the higher

N-(2-hydroxyethyl) amides: (number of C atoms in acid, m.p.) 6
,

46°; 7, 53.6°; 8,
63.2°; 9, 71.6°; 10

,
77 1°; 11, 84.8°; 12, 78.2°; 13,

91.8°; 14, 87.4°; 15, 97.0°; 16, 94.4°; 17, 99.2°; 18, 96.1°. It was

observed that the plot of the melting points of the N-(2-hydroxy-

ethyl) amides against the carbon content of the amide chain is

essentially the reverse of that of the N-methyl amides. N-cyclo-

pentyllauramide and N-cyclopentylstearamide have been re-

ported” to melt at 55-56“ and 67-68°, respectively, and N-
cyclopentylundePenamide was reported to boil at 175-181° under

4 mm. pressure. The vanillyl amides of a number of the satu-

rated adds have been prepared by the action of the acid chlo-

rides on vanillylamine, and their physical properties have been

recorded.** The melting points and solubilities of a number of

amides of the general formula C2H4(NHCOR)2 ,
where R is a

straightr-chain radical, have been reported,** the melting points

varying from about 150° to 190°, depending upon the length of

the alkyl chain.

Substitution of both hydrogen atoms of the amide nitrogen

generally results in a lowered melting point and in a more rational

behavior as regards the relationships among the members of any
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specific series. Several early studies ®®»*«**^ on the preparation and

properties of the N,N-dimethyl amides have been described, al-

though the physical properties of the higher members of this series

have not been reported. Mitchell and Reid ^ and later Ruhoff

and Reid ^ have prepared a series of dimethyl amides of the lower

acids by reaction of the acids with dimethylamine, the latter

authors reporting the physical constants of the amides from N,N-

dimethylformamide to N,N-dimethylcaprylamide inclusive. The
following constants were observed: (m.p., &ioo, no) N,N-
dimethylvaleramide, —51®, 141.0®, 0.8962, 1.4419; N,N-dimethyl-

caproamide, —42®, 158.0®, 0.8896, 1.4430; N,N-imethylenanth-

amide, —19®, 172.5®, 0.8854, 1.4450; and N,N-dimethylcapryl-

amide, —21®, 187.0®, 0.8810, 1.4471. An interesting observation

regarding these amides is that they form azeotropic mixtures with

the corresponding acids, the mixtures having boiling points 4-5®

above those of the amides. Several N,N-diphenyl amides have

been prepared by the action of the acid chlorides on diphenyl-

amine, the following freezing points having been observed: N,N-
diphenylcapramide, 47.5®; N,N-diphenyllauramide, 57.0®; N,N-di-

phenylpalmitamide, 69.5®; and N,N-diphenylstearamide, 72.3®.

The melting points of the N,N-di(2-hydroxyethyl) amides of

several of the fatty acids are as follows:®^ undecanoic, 45.3®;

myristic, 47.9®; pentadecanoic, 50.9®; palmitic, 65.1®; heptadeca-

noic, 67-69®; and stearic, 69.7®.

The solubility behavior of the amides, particularly the unsub-

stituted amides, shows certain anomalies which are difficult of

explanation. It has recently been shown that, unlike other series

of aliphatic compounds, the solubilities of amide series in certain

solvents do not present an orderly arrangement but appear to be

distributed almost randomly. In benzene, ethyl acetate, and 2-

butanone, for example, lauramide is, in general, more soluble than

capramide, and palmitamide more soluble than myristamide,

whereas in cyclohexane myristamide is less soluble than stearamide,

and caprylamide is the least soluble compound investigated. In

the more polar solvents, such as methanol, nitroethane, and aceto-

nitrile, the solubilities decrease with increasing molecular weight,

although the intervals between the curves are not uniform. The
substituted amides, on the other hand, show an orderly sequence

of solubility in all solvents. The solubilities of the amides, N-
phenyl amides and N,N-diphenyl amides in various solvents as



SOS THE NITROGEN-CONTAINING DERIVATIVES

determined by Ralston, Hoerr, and Pool are compiled in Table

III.

TABLE ni

SOLUBUilTIES OF AmIDES OF SATURATED AciDS AT 30**C.*

Qiums per 100 g Solvent

No. of C
Atoms in

Amide t Benzene

Tetrachloro-

methane Acetone Methanol
95%

Ethanol

Aceto-

nitrile

8 0 6 0 4 7 8 53 0 32 8 5 4

10 0.8 0 2 3 8 15 2 12 0 1 4

12 1 0 0 4 3.4 12 4 11 4 0.9

14 0 4 <0.1 1 0 2 7 3 8 0 6

16 0 4 0 1 0 8 1 2 1 5 0 3

18 0 4 <0.1 0 5 0 7 0.8 0 2

10^ 67(110) t 52(110) 93 70 1 81 18.0

12^ 14 7(56) 14 0(43) 12 5 11 1 22 3 3 0

16^ 2 2 1 2 3 3 0 8 2 2 0.7

18^ 1 5 0 5 2 0 0 2 1 2 0 5

100^ 329 310 735 200 275 252

12^ 179 147 192 81 53 75

16d« 81 44 7 45 5 5 6 5.0 5 8

18^ 65 30 1 10 6 3 9 2 6 2 4

* Solubility data for these compound in benzene, cyclohexane, tetrachloromethane, ethyl

aoetate, butyl acetate, acetone, 2-butanone, methanol, 95% ethanol, 2-propanol, butanol,

nitroethane, and acetonitrile at a number of temperatures have been reported,^* and the reader

IS referred to the original article for these data.

t Values in parentheses are for unstable forms

Figure 4 illustrates the solubility relationships of the amides in

a non-polar solvent (cyclohexane), and Fig. 5 in a polar solvent

(acetonitrile).^®

The melting point curves of binary mixtures of palmitamide-

stearamide and of palmitanilide-stearanilide have been investi-

gated by Guy and Smith and are shown in Fig. 6. The curves

indicate the presence of equimolar compounds with non-congruent

melting points, the compounds forming eutectics with the lower-

melting components. The similarity of these curves to those

formed by binary acid mixtures is striking.

The thioamides, RCSNH2 ,
are closely related structurally to the

amides. Kindler^® has shown that the lower molecular weight

thioamides can be prepared by the thiohydrolysis of nitriles, and
more recently several of the higher molecular weight thioamides

have been obtained by the action of alcoholic solutions of

ammonium sulfide on nitriles in a steel bomb at 160°, the reaction

being as follows:
NHs

RCiN + HaS RCSNHa
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The following melting points were reported^ for the higher

molecular weight thioamides: thiolauramide, 82--83^; thiomyrist-

amide, 87-88°; thiopalmitamide, 93-94°; and thiostearamide, 9&-

97°. Reduction of the thioamides by metallic sodimn in alcohol

yields the corresponding amines, whereas pyrolysis results in a

loss of hydrogen sulfide with the formation of nitriles.

0 20 40 60 80 100

MOLE % HIGHER MELTING COMPONENT

Fig. 6. Melting points of binary mixtures of palmitamide-stearamide and
of palmitamlide-stearanihde.

The last twenty years have witnessed the development of a very

intense interest in the high molecular weight linear polymers re-

sulting from reactions involving polyfunctional compounds. The
polyamides rank high in importance in this field and have been

the subject of many investigations. Their present-day commercial

importance stands as a tribute to the workers who have contributed

to this subject.

It has been noted in a previous chapter that high molecular

weight polyesters are formed by the condensation of terminal

hydroxy acids or by the polyesteiification of glycols and dicarbox-

ylic acids, and that the physical and chemical properties of such

compounds are dependent not only upon the nature of the reacting

components but also upon the conditions employed for theii
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preparation. A large variety of polyesters can thus be prqiared,

the properties of which vary over a wide range. It is evident that

amide formation between polyfunctional compounds will generally

resemble polyesterification, in that molecules of large size can be

formed. In 1930, Carothers and Berchet showed that 6-amino-

caproic acid reacts both intra- and intermolecularly, producing

20-30% of a seven-membered lactam together with 80-70% of an

undistiUable polyamide. The separation of the lactam from the

polyamide may be accomplished by vacuum distillation of the

former. Partial hydrolysis of the polyamide with hydrochloric acid

yields polyaminocaproylaminocaproic acids, the polyamide evi-

dently being built upon the structural unit —^NH(CH2)5CC)—

.

Molecular weight determinations indicated the polyamide to be

formed from at least ten molecules of the amino acid. That it is

a true condensation polymer was proved by the fact that the

lactam will not polymerize under the conditions resulting in poly-

amide formation and also that no lactam can be obtained by pro-

longed heating of the polyamide. It was pointed out by Carothers

and Berchet that the tendency towards polyamide formation is

critical as regards the chain length of the reactant, since 7-ammo-

heptanoic acid yields polyamide exclusively, whereas 4-aniinobu-

t3rric and 5-aminovaleric acids have been shown to yield pre-

dominantly the five- and six-membered lactams. The higher

amino acids, such as 11-aminoundecanoic acid, have been stated

to 3deld only polyamides. The linear polyamides are much less

soluble and fusible than the polyesters and are appreciably harder

and tougher. Treatment in a molecular still brings about a further

increase in molecular weight, attended by a greater insolubility

in most organic solvents. Carothers and Hill have prepared

mixed polyester-polyamides by the condensation of trimethylene

glycol, octadecanedioic acid, and 6-aminocaproic acid, obtaining

tough, elastic solids the properties of which were intermediate

between those of the polyesters and those of the polyamides.

Solubility characteristics indicated that such polymers are poly-

ester-polyamides rather than simple mixtures of the two, the mole-

-cules containing the following structural units: —NHRCO—

,

—OB'O—,
and —COR'^CO— Such products are capable of

being drawn into filaments. In 1939, Carothers and Graves de-

scribed a process whereby polyamides such as polyhexamethyl-

enadipamide may be obtained by the condensation of diamines

with dibasic acids. The preparation of polyamides by heating co-
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axninocarboxylic acids in the presence of inert solvents has been

patented, as has the condensation of dibasic acids such as

adipic, pimelic, suberic, azelaic, and sebacic acids with tetra-,

pentar, hexa-, deca-, trideca-, and octadecamethylenediamines.^^

Polyamides prepared by the condensation of aromatic diamines

with aliphatic dicarboxylic acids have also been prepared.^® The
mechanical production of artificial fibers from linear condensation

superpolymers has been described in detail by Carothers and Hill

and is the subject of several patents. It is of interest to note

that these studies have formed the basis for the development of

the synthetic fiber now marketed under the trade name of nylon.*

Polyamides prepared from dimerized acids and diamines such as

ethylenediamine have been the subject of considerable recent in-

terest, although they have not been extensively described in the

literature at this writing.

Chemical Properties of the Fatty Acid Amides

The amides undergo many chemical reactions and have been used

as the starting point for the synthesis of a large number of deriva-

tives. The aliphatic amides are essentially neutral, the basic

properties of the amino group being counterbalanced by the acyl

group. Their tautomeric nature, however, is evidenced by the

fact that they are reactive with a number of reagents.

Hydrolysis of the amides results in the formation of the corre-

sponding acids, the reaction being the reverse of that encountered

during their formation from the acids and ammonia. Crocker and

Lowe'^* have determined by conductivity methods the velocity

of hydrolysis of the amides in the presence of hydrochloric acid or

sodium hydroxide, and have reported that the reactions are bi-

molecular, the temperature coefficient being quite large in the

case of the acid hydrolysis. It was observed that the order of

relative reactivities is approximately the same for each tempera-

ture and decreases in the order formamide, propionamide, acet-

amide, caproamide, and valeramide. In the alkaline hydrolysis

the reaction is evidently one of direct substitution of the hydroxyl

for the amido group. Because of the insolubilities and high melt-

ing i>oints of the higher amides, their hydrolysis in the presence of

* The reader is referred to Collected Papers of Wallace Hume Carothers on

High Polymeric Substances, Mark and Wlutby, editors, Vol. I, Interscience

Publishers, Inc., New York (1940).
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bases can be completed only under pressure. However, the high

molecular weight amides can be quantitatively hydrolyzed by
refluxing with constant-boiling hydrochloric acid for several hours.

Amides may be converted to the corresponding acids by the action

of nitrous acid, the reaction being similar to that which takes

place between nitrous acid and primary amines. Stearanilide has

been shown to form hydrates of undetermined composition;

however, the substitution of the remaining amido hydrogen, as in

N-methylstearanilide or N,N-diphenylstearamide, prevents hydra-

tion.“®

The pyrolysis of amides results in their dehydration with the

formation of nitriles, a similar result being obtained when the

amides are treated with dehydrating agents such as phosphorus

pentoxide or phosphorus pentachloride. Such reactions are dis-

cussed in detail under the methods of preparation of the high

molecular weight nitriles.

Hydrogenation of the amides yields mixtures of the correspond-

ing primary and secondary amines. Adkins and Wojcik have

described the reduction of heptanamide, lauramide, and other

amides in dioxane under 100-300 atmospheres of hydrogen pres-

sure at 175-250°, in the presence of copper-chromium oxide

catalysts. Yields of 40-70% of the corresponding primary amines

and of 25-50% of the secondary amines were reported. Substi-

tuted amides such as N-cyclohexyllauramide give 70-95% of sec-

ondary or tertiary amines. The reduction of lauramide, myrist-

amide, and palmitamide under 203-210 atmospheres of hydrogen

in the presence of a CuC)-Cr203-Ba0 catalyst yields products which

consist essentially of the corresponding secondary amines together

with small amounts of the primary amines.^ The preparation of

dioctyl-, didecyl-, and dioctadecylamines by the hydrogenation

of caprylamide, capramide, and stearamide has been described,” a

temperature of 250-270° and a pressure of 180-200 atmospheres

being required. It was suggested that the amide be dissolved in

at least three times its weight of dioxane. The reduction of

lauranilide, myristanilide, and palmitanilide by a similar procedure

has been reported ** also to yield the corresponding secondary

amines.

In 1881, Hofmann investigated the action of amides with

halogens in strong alkaline solution, the reaction involving a
migration with the ultimate formation of an amine. This im-

portant reaction, which bears the name of the original investigator,
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is generally familiar to all organic chemists. When two moles of

acetamide are treated with one mole of sodium hypobromite, the

product is N-methyl-N^-acetylurea, the reaction being as follows:

xNHCH,
2CH.CONH2 + NaBrO do + NaBr + H*0

\nHCXX3H«

It was observed that this compound reacts with water to yield

acetic acid, ammonia, methylamine, and carbon dioxide, according

to the reaction

^NHCHs
do +2H2O
\nhcoch,

CH8CX)jH + CaB[,NHs + NH, + CX)»

A study of the products of pyrolysis of the substituted urea led

to an explanation of the formation of the amine through a re-

arrangement, the products of pyrolysis being methyl isocyanate

and acetamide as follows:

^^NHCH3
do - CHsCNO + CH8CONH2

\nHC30CH,

In a subsequent study, Hofmann prepared the N,N-dibromo

amide by the action of two moles of bromine and sodium hydroxide

on one mole of the amide. The reaction of equimolecular quanti-

ties of the N,N-dibromo amide and the amide yields the mono-

bromo amide. When two molecules of monobromoacetamide are

treated with one molecule of hydrochloric acid, the bromine is

replaced with the formation of N-chloroacetamide and acetamide.

The later extensive investigations of Hofmann upon the action

of halogens with amides in alkaline solution form the basis of our

present-day knowledge of this reaction. The action of one mole

of bromine with one mole of an amide first yields the N-bromo
amide, which loses hydrogen bromide in the presence of alkali to

give a product which rearranges to form an alkyl isocyanate. The
hydrolysis of the isocyanate yields an amine, the sequence of reac-

tions in the case of butyramide being as follows:

(l) CsHtGONHs + Brt C«H7CONHBr + HBr

(ID QHrCONHBr + NaOH > CtHrNCO + NaBr + HiO

(m) CiHtNCO +H*0 > CjHtN^ +CX)t
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The formation of the alkyl axsyl substituted ureas probably re-

sults from the reaction of Ihe intermediate alkyl isocyanate with

iinchftiigftd amide. Hofmann has shown that treatment of the

bromo amide with sodium carbonate instead of sodium hydroxide

permits of the isolation of alkyl isocyanates and also N,N'-dialkyl

substituted ureas, which are probably formed by the interaction

of the alkyl isocyanate with the amine, as follows:

RNCO + RNHj

Although reactions of the type described by Hofmann are satis-

factory for the preparation of the lower molecular weight amines,

the yield of amines of molecular weight higher than that of amyl-

amine is extensively reduced by side reactions. Nitrile formation

is one of the foremost of such reactions and is invariably encoun-

tered when high molecular weight amides are so treated; the use

of an excess of halogen increases the amount of nitrile formed.

It was first considered that the nitriles result from dehydration of

the amides, but a later investigation showed them to contain

one carbon atom less than the starting amide. The formation of

nitriles is, therefore, probably a secondary reaction resulting from

the dehydrogenation of the amine by the addition of bromine and
its removal as hydrogen bromide.

In the course of his investigations, Hofmann prepared and de-

scribed a number of substituted ureas obtained by the action of

alkaline bromine solutions on the amides, the list including the

following ureas: ethyl propionyl, m.p. 100®; propyl butyryl, m.p.

99®; isobutyl valeryl, m.p. 102®; pentyl caproyl, m.p. 97®; hexyl

enanthyl, m.p. 97®; heptyl capiylyl, m.p. 86®; octyl pelargonyl,

m.p. 97®; nonyl capryl, m.p. 101®; and heptadecyl stearoyl, m.p.

112®. The preparation by the Hofmann reaction of the alkyl-

amines from methylamine to nonylamine inclusive and of hepta-

decylamine has been described.^** In 1897, Jeffreys confirmed

the fact that only small yields of the higher amines result by
the Hofmann reaction, it being necessary, in the case of hepta-

dec^lamine, to isolate and rearrange the heptadecyl octadecanoyl

urea. Distillation of the bromo amides with lime had previously

been shown ^ to result in higher yields of the amines of inter-

mediate molecular weight, such as heptylamine; however, this

method is not satisfactory for the preparation of the higher

homologs. It was observed by Lengfeld and Stieglitz that alkyl-
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urethans result from the action of sodium methylate in methanol

on bromo amides, and the saponification of these high molecular

weight urethans was shown by Jeffre3rs to result in substantial

yields of the high molecular weight amines.

The memorable researches of Stieglitz and associates'^ upon

the rearrangement of nitrogen-containing compounds have es-

tablished the fact that such rearrangements involve the inter-

mediate presence of a monovalent nitrogen atom, and that only

nitrogen compoimds which lose constituents and form such

intermediates are capable of rearrangement.*

The mechanism proposed by Stieglitz for the formulation of

isocyanates during the Hofmann rearrangement is as follows:

Rcf /X RC/ / + XY R—N=C=0 + XY

Many of the chemical reactions of the high molecular weight

amides have been described in the patent literature. Such reac-

tions have been studied with a view to the commercial utilization

of the resulting products, and the high molecular weight amides

are the starting point for the synthesis of a number of wetting

agents, dye assistants, high-melting waxes, and other products.

In a consideration of the voluminous patent literature which has

developed around the amide derivatives, it is apparent that al-

though many of the procedures suggested result in comparatively

simple products, in many instances complex reactions are involved

which leave the identity of the final product in considerable doubt.

Many of the patents in this field, therefore, are only of interest in

showing a trend toward the utilization of the amides and contribute

little to our knowledge of the chemistry of these compounds. In

the following discussion an attempt has been made to select that

literature which best illustrates the general reactions of the amides

and which leaves the reader with a general knowledge of the proper-

ties and uses of the amide derivatives. The higher molecular

weight amides are unquestionably a series of compounds which
will receive considerable future attention.

The water-resistant properties of the higher amides make their

inclusion in various waterproofing formulations a subject of inter-

est. The use of the high molecular weight amides such as behen-

• See Porter, Molecular RearrangemenlSf Chemical Catalog Co., New York
(1928); Blatt, Chem, Rev,, 12, 215 (1933).
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amide in wax compositions has been patented,^ and the diamides,

R'CONHRNHCOR', have been stated to be useful as waxes

and coating materials. Amides may be emulsified by the use of

sulfonated oleic acid or similar materials,^®® sulfuric esters of amides

and N-substituted amides are used for treating textiles/®® and

amides prepared from polyhydroxy amines and acids have been

proposed as wetting agents.^®^ The basically substituted carbox-

ylic acid amides have been suggested as dye assistants.^®® Bousquet

and Salzberg ^®® have stated that amides containing a heterocyclic

radical possess insecticidal properties, and the monoisobutyl amide

of 10-undecenoic acid has been proposed as the active ingredient

of a fly spray.^®^ Amides prepared from amino carboxylic acids

and aromatic carboxylic acids have been suggested ^®® as wetting

agents.

The sulfonation of the amides and their derivatives has resulted

in the preparation of a number of water-soluble compounds which

possess surface active properties. Sulfonation of both substituted

and unsubstituted amides has been described/®® and it has been

claimed that the products function as wetting agents. Somewhat
similar products are obtained by the action of high molecular

weight acyl chlorides on methylaminomethanesulfonic add. The
sulfonation of amides prepared from conjugated acids has been

described/®® as well as the sulfonation of substituted oleamides

such as N-propyloleamide.^®® Substituted amides of ethers or

thioethers, of the general formulas ROCH2CONR1R2 and

RSCH2CONR1R2, where R is a long-chain hydrocarbon radical

and Ri and R2 are hydrogen or hydrocarbon radicals, have been

synthesized and proposed as wetting agents.^®® The reaction of

high molecular weight amides with chlorosulfonic acid has been

investigated, and the sulfonation of substituted aliphatic di-

amides has been described,^^ as has the sulfonation of amides pre-

pared from fatty acids and diethylenetriamine.^®® The sulfonation

of a number of substituted amides has been described by Rosen-

hauer.^^
^

Details for the chlorination of stearamide have recently been

described,^^® the product melting at 67-68®. The action of sulfuric

acid and its salts or the alkali sulfites on the halogen-containing

substituted amides has been employed for the preparation of wet-

ting agents. For example, amides such as the N-methylbromoethyl

amide of palmitic acid,^®® or the N-octadecyl amide of chloroacetic

acid,^^^'^^® yield wetting agents when treated with sodium sulfite,
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the eompound formed in the latter case having the structure

CHji(SQ8H)CONHCi8H37. The action of thiosulfates on amides

of the general formula RCONR'R^, where R is a halogenated

hydrocarixm radical, yields surface active compounds, an exam-

ple being the action of ClCH2CONHCiiH23 with Na3S208 to

jrield NaSC)8SCH2CONHCiiH23. Sulfonated amides have been

prepared by the action of sulfonated adds, e.g., sulfonated oleic

add, with amines such as 2-aminoethanol.*'‘* Katzman has de-

scribed the preparation of sulfonated ethylene diamides of the

general formula RCONHCH2CH2NHCOCH2CHCO2M, in which

I

SO3M
M is an alkali metal or an ammonium radical. The sulfonation of

chlorinated anilides, such as the anilide of chlorostearic acid, has

been stated to produce wateivsoluble products having surface

active properties. A number of water-soluble derivatives have

been synthesized by the sulfonation of N-acyl substituted high

molecular weight amides.'®** The sulfonation of N-(ethoxy-

phenyl)stearamide, C17H35CONHC6H4OC2H5, has been de-

scribed,'®® the sulfonation taking place in the benzene ring.

Moyer '®® has investigated the action of higher fatty amides with

sulfur in the presence of liquid sulfur dioxide. The N-substituted

chloroacetamides have been employed for the preparation of a
number of amido derivatives, the following reactions having been

investigated: '®'

aCH,CONHCiiH28+

Ba(OH)2 — HOCHjCONHCiiHa

NaOCsHs —

>

O6H5OOH2CONHO11HS8

NaC02CH3 CH,CX)2CH2CONHCiiH2,

NaSH HSCH2CX)NHCiiH28

Na^S. CuH*8NHCOCH2S.CH2CONHCu]^

C2H6SH— C2HBSCH2CONHC11H28

Na2S208— NaS08SCH2C0NHCiiH22

The reactions of secondary amines with fatty acids containing

halogen, hydroxyl, or nitrogen-containing groups 3rield products

which can be sulfonated or sulfated to give surface active chem-
icals.'®* Pi^ott '®® has proposed the preparation of amides of the

g^oeral formula RCONHX, whereX is a polyhydroxyhydrocarbon

radical, such as N-(trihydroxy-ter^-butyl)8tearamide, and has



CHEMICAL FBOFERTIES OF AMIDES ao»

stated that their sulfuric or phoqdunic esters possess surface

active properties. The mixed boric and sulfuric add esters of the

N-(h]rdroxyethyl) amides of high molecular weight have been re-

ported to be water soluble.

Amides react with alkali metals in inert solvents such as benamm,

the metal apparently attaching itself to tiie nitrogen atmn. The
preparation of such compounds and their reaction with substances

such as chloroethanesulfonic add or p-(chloromethyl)benaene-

sulfonic acid has been described.^*^

The action of amides with chlorinated ethers has been exteor

sively investigated. The reaction of equimolar amounts of stear-

amide or lauramide with dichlorodimetliyl ether, (C1CH2)20, fd-

lowed by treatoent of the resulting product with pyridine, has

been studied,^** and softening agents suitable for treating textiles

are claimed from the reaction of stearamide with two moles of di-

chlorodimethyl ether followed by treatment with thiourea.***

The reaction of amides with chloromethyl ethyl ether has been

stated *** to proceed as follows:

(I) 2RCONH, + ClCHjOCiHs — RCONHCH,NHCOR + + HQ

(II) RCONHCHsNHCOR -I- 2aCH«OCtH« RC^ ^2CiH|OH

llcHiCl

<!;Ht

llcHaQ

Wetting agents are obtained when these products are treated

with thiourea or pyridine.*** The amides prepared by the reaction

of stearic acid with one or two molar equivalents of diethanolamine

are soft waxes *** which, when treated with ethylene chlorohydiin

in the presence of chlorinated hydrocarbons, yield products suit-

able for treating textiles. The reaction between amides, such as

stearamide, and monomeric glyoxal, CHOCHO, has recently been

investigated.*** It has been stated that water-soluble products are

obtained when amides such as licinoleamide are treated with the

condensation products of the glycols and maleic anhydride.***

The methylation of the amides with dimethyl sulfate has recently

been studied.***
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Paraskova^” has investigated the reaction of diamides with

Grignard reagents and has reported that, when bis(N,N-diethyl)-

sebacamide, Et2NCO(CH2)8CONEt2,
is heated with ethyhnag-

nesium bromide and the product hydrolyzed, ketones are obtained,

the main product in this instance consisting of 3,12-tetradecane-

dione and 3-diethylamino-3-ethyl-12-tetradecanone.

The amides are reactive with ethylene oxide, the products rang-

ing from high-melting, waxy materials to water-dispersible sub-

stances depending upon the mole proportion of ethylene oxide em-

ployed. Orthner and Keppler have obtained wetting agents by
the reaction of N-hydroxyalkyl amides with several mole propor-

tions of ethylene oxide. The reaction product of ethylene oxide

and ricinoleamide has been stated to possess surface active proper-

ties.^’^ The action of the high molecular weight amides with

ethylene oxide has been the subject of several patents.^’^®*^^^^^®*^^®

Amides are reactive with formaldehyde or its polymers yielding

the corresponding methylol derivatives, which are important

chemical intermediates. In many of the reactions involving these

intermediates, the methylol compounds are not isolated, since

most of these reactions are extremely involved and their actual

course is frequently in doubt. The fact that practically all the

work reported upon such compounds appears in the patent litera-

ture is evidence of their potential commercial importance. These

products have been suggested for such purposes as wetting agents,

detergents, waxes, insecticides, dye intermediates, and many
others. N-methylolstearamide is best prepared by heating stear-

amide in benzene solution with paraformaldehyde and pulverized

potassium carbonate, the reaction proceeding smoothly and yield-

ing a product which melts at about 116°.^^ When the reaction

between the amides and formaldehyde is conducted in the presence

of acids, there are generally obtained higher-melting products

which probably contain substantial amounts of methylene di-

amides. The following reactions of stearamide illustrate the for-

mation of the above products:

CitHssC^ + HCHO CitHmC^
^NHCHsOH

Methylolstearamide

o o

Ci7H»<!1nHCH,NH<!1c5i7Hw + Hrf)
Methylenedutearamide
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Esters of the methylol amides have been prepared by the

reaction of acid anhydrides with methylol amides; for example,

the acetate of methylolstearamide results from the treatment of

the methylol amide with acetic anhydride. Methylol ethers of

the general formula RCONHCH2OR' are obtained by the reac-

tion of methylol amides with alcohols in the presence of acidic

catalysts, e.g., sulfuric acid, phosphorus oxychloride. The prepa-

ration of a number of water-soluble products having surface active

properties by the action of amides and formaldehyde in the pres-

ence of organic bases has been described. Such products result

when amides are treated with formaldehyde in the presence of

acetic acid and tetramethylenediamine,^^^ or when the acetate of

methylolstearamide is condensed with pyridine,^® the product in

the latter instance being stearamidomethylpyridinium acetate.

The product of the reaction of methylolstearamide with urea is a

solid, waxy mass which melts at 194-210°.^®* Bruson has studied

the reaction of amides with formaldehyde in the presence of bases

such as diethylamine or diethanolamine, and water-soluble com-

pounds have been stated to result when such reactions are con-

ducted in the presence of cyclic bases and sulfur dioxide. In the

latter instance an N-methylol sulfite is first formed, this then

reacting with the base. Somewhat similar reactions have been

described in which the bases employed are N-substituted amines

of the benzene or naphthalene series. Compounds of the general

formula RC0NHCH2S03Na have been reported to result from

the reaction of bisulfite addition products of formaldehyde with

amides, and it has been claimed that similar products are

formed by the action of sodium bisulfite and the N-methylol

amides. The reaction of sulfuric acid with the product formed by
the condensation of amides with formaldehyde in the presence of

glacial acetic acid yields high-melting waxes.

Sulfonation of the methylol amides and of many of their deriva-

tives yields a variety of water-soluble products; for example, the

amide formed by treating castor oil with 2-aminoethanol yields a

wetting agent when treated with formaldehyde and sulfonated.^®»“®

A number of Swiss patents have been issued disclosing the prepara-

tion of high-melting waxes and wetting agents useful in the textile

industry, obtained by various condensations involving methylol-

lauramide or methylolstearamide. Such reactions include the

condensation of methylollauramide with the sulfonyl chloride of

benzoic apid in the presence of pyridine,^®^ with thioglycolic acid
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im the pieaenoe of acetic anlq^de,*'* with glycerol mercaptan in

the pieaeBce of an add,*** and with aodium mercaptoethaneaul-

fonate in the pnemoe of an add.*** The reaction of methylol-

trith diloroacetamide fdlowed by treatment of the

product with pyridine yields a diamide***-*** of the structure

CiiHs8CNHCHsNHCXI;H2NCsHs. Wetting agents have been

i i i.

obtained from methylolstearamide by condensation with chloro-

aoetamide in the presence of trimethylamine or pyridine,^ with

N,N'*<iiethylthiourea in the presence of acids, and with thio-

gjtycolic acid in the presence of gladal acetic acid.^* The product

in the latter instance has the formula C17H35CONHCH2SCH2-
CQ2H. The product of the condensation of methylolstearamide

and benzamide in the presence of dioxane and hydrochloric add
is a high-melting wax.^ Wetting agents result when stearamide

is treated with N,N'-dimethylolurea,“^ with the sodium salt of

N-methylolacetamidesulfonic add,^ or with N-methylolchloro-

acetamide in glacial acetic acid followed by treatment with tri-

methylamine.^* The reaction of stearamide and paraformaldehyde

in the presence of amines such as N-methylmorpholine has been

reported^ to yield water-soluble compounds. High molecular

weight N-methylol amides condense with alkoxybenzenes and sim-

ilar compounds in the presence of catalysts such as zinc chloride,

the reaction being as follows:

RCX>NHCHiOH + CeHeOR' RCX)NHCH2C6H40R' + H2O

Sulfonation of the resulting products renders them water dispersi-

ble. Substituted amides, such as N-methylstearamide, react with

formalddiyde in the presence of hydrochloric acid to yield the

corresponding N-methyl-N-chloromethyl derivatives,^ which can

be further condensed with a number of substances to yield wetting

agents. A series of derivatives of N-methylol amides have been

prepared by Baldwin and Walker by reaction of the N-methylol

amides with sodium pyrosulfate in the presence of pyridine or

other bases. It has been stated^ that resins are obtained when
the amides or thioamides of polyamino carboxylic adds are con-

densed with formaldehyde.

Fibers can be rendered water rq>ellent by impregnation with

amides followed by treatment with formaldehyde,^^ and it has

heeai claimed that a further treatment with sodium dihydrogra



phoqdiate is boiefieiaL A process udierdby fibers lue coated villi

N-hqitaideqrl'N-octadec^urea fdlowed by treatment with gaseona

fnrmaldfthydft has been Stated to impart high wstm^repdlent

properties.

Hie Frqiazatiim and Pnqperties of G>mpoiuids Stractnially

Related to the Amides

The amidines, RC(:NH)NH2,
are related to the amides in that

the oxygen of the amide group is replaced by an imino group. In

contrast to the amides, the unsubstituted amidines are stronj^y

baac and are genwally encountered as their salts. The early voric

of Pinner and Klein ™ upon the transformation of nitriles into

imino ethers and thence to amidines showed that when benzonitrile

is treated with anhydrous isobutyl alcohol in the presence

hydrochloric add the hydrochloride of the isobutyl imino ether

results as follows:

CeHsCN + C4H#0H + HQ

The amidine is formed by the action of ammonia on the imino

ether, thus:

CeHjC^ + NH| - CeHs*
''OC4H9

+ C4H1OH

The formation of imino ethers and amidines from nitriles by the

above procedure is a general reaction, only some ortiio-substituted

aromatic nitriles and certain halogen-substituted nitriles bdng un-

reactive.^** In their study of the nitrc^en derivatives of the higher

fatty adds, Eitner and Wets prepared the hydrochlorides of the

isobutyl ethers of laurimide, myristimide, palmitimide, and steaiv

imide, with melting points at 65-66®, 69-70®, 73®, and 77-78®, re-

spectively. These compounds were described as white, micro-

crystalline, very hygroscopic powders which are extremely soluble

m ethanol and difficultly soluble in ether. The hydrochloride ot

the diisobutyl ether of sebadmide is totally insoluble in ether.

Treatment of the hydrochlorides of the isobutyl imino ethers with

alodiolic solutions of ammonia yields the corresponding ftTnidino

hydrochlorides, the melting points being as follows: lauramidine-

Hd, 128-129®; myristamidine’HCl, 176-177®; palmitamidine*

HCl, 217® (decomp.) ; and stearamidine •HCl, 24^245® (decomp.).

The higher amidine hydrochlorides are soluble in ethaiud but diffi-
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cultiy soluble in ether. The free bases, obtained by the action of

sodium ethylate on alcoholic solutions of the hydrochlorides, are

white, crystalline masses which readily absorb carbon dioxide.

Hill and Rabinowitz have described the preparation of valer-

imido methyl ether hydrochloride and several of its derivatives,

the procedure for the preparation of this compound being as

follows:

One molecular equivalent each of valeronitrile and methanol are dis-

solved in an equal weight of dry ether. The solution is cooled and dry

hydrogen chloride is passed in until 1.25 molecular equivalents have

been absorbed. After standing overnight the precipitated hydrochloride

is filtered off and washed with ether.

A yield of 80% was reported. The free imino ether is obtained

from the hydrochloride by treatment with potassium carbonate in

ether. The reaction of the imino ether hydrochloride with two
moles of p-ethoxyaniline (p-phenetidine) proceeds as follows:

<[.Ha
-h 2H8NC6H40C2H5 —

Hs
^NC6H40C2H6

C4H9C< + CHsOH + NH4CI
\NHC6H4OC2H6

Condensation of the above product with phenyl isocyanate re-

sults in a substitution of the remaining amido hydrogen by the

group CONHCeHs. The reaction of valeramidine with one mole

of p-phenetidine yields the imino-substituted derivative.

NR'
11

Substituted amidines, RCNR^R'", where R', R'', and R'" are

hydrogen, alkyl, acyl, or some other radical, may be prepared

miher by substitution of the imino or amido hydrogens of the

amidines or by reaction of imino ethers with amines. Many
representatives of this type of compound have been described in

the patent literature, and they are frequently mentioned as chem-

ical intermediates. The reaction of substituted amidines vdth

alkylating or acylating agents has been described, and these

products have been proposed as wetting agents. Pyman and
Levene have studied the preparation of amidines of the general

formula RiR2N(CH2)nC(:NH)NH2 ,
such as ll-(diethylamino)-

undecanamidine or 12-(dibutylamino)dodecanamidine, by the re-

action of the corresponding terminally substituted amino nitriles
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with hydrochloric acid in alcoholic solution followed by treatment

with ammonia. The compounds were isolated as the dipicrates.

Diamidines of the dibasic acids have been prepared from the

corresponding dinitriles by formation of the diimino ethyl ethers

followed by treatment of the product with alcoholic ammonia.

The following melting points were reported for the diamidine salts:

heptane-1,7-diamidinium chloride, 218-219°, picrate, 249-250°

(decomp.); nonane-1,9-diamidinium sulfate, 310-315° (decomp.),

picrate, 260-261°; decane-1,10-diamidinium picrate, 249-250°;

undecane-1,11-diamidinium picrate, 245-246°; dodecane-l,12-di-

amidinium chloride, 174-175°, picrate, 227-228°; tridecane-1,13-

diamidinium picrate, 192-193°.

The amidoximes, RC(:NOH)NH2 ,
result from the action of

hydroxylamine on nitriles and are related to the amidihes, the

imino hydrogen being replaced by a hydroxyl group. Eitner and

Wetz*^^ have prepared several of the higher molecular weight

amidoximes by the action of hydroxylamine hydrochloride on the

respective nitriles in the presence of sodium carbonate. The high

molecular weight amidoximes are soluble in ethanol and chloro-

form but are diflBicultly soluble in ether. The following melting

points have been reported for these compounds: lauramidoxime,

92-92.5°; myristamidoxime, 97°; palmitamidoxime, 101.5-102°;

and stearamidoxime, 106-106.5°.

Hydroxamic acids, RCONHOH, are prepared by the action of

hydroxylamine hydrochloride on fatty acid esters in the presence

of sodium hydroxide. The hydroxamic acids of the fatty acids

were obtained by Inoue and Yukawa ^ by the above method, and

the following melting points were reported: acetic, 88°; propionic,

92.5-93°; butyric, liquid; caproic, 63.5-64°; caprylic, 78.5-79°;

capric, 88-88.5°; lauric, 94°; myristic, 98-98.5°; palmitic, 102.5°;

stearic, 106.5-107°; behenic, 109°; and arachidic, 112.5°. The
melting points of the hydroxamic acids of oleic, linoleic, and lino-

lenic acids are 61°, 41-42°, and 37-38°, respectively. The satu-

rated hydroxamic acids are insoluble in petroleum ether.

The hydrazides of the fatty acids result from the action of

hydrazine hydrate on the fatty esters.“^’“* . For example, lauric

acid hydrazide, m.p. 104.5°, is formed by heating ethyl laurate

wdth hydrazine hydrate for 1.5 hours at 130°.“* Palmitic acid

hydrazide, m.p. 111°, stearic add hydrazide, m.p. 112-114°, and
oleic add hydrazide, m.p. 110-112°, may be similarly prepared.

The phenyl hydrazides of lauric, myristic, palmitic, oleic.
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and elaidic acids melt at 105^, 108^, 110.5°, 91.3°, and 98r<09°,

req>eetively. The add azides, RCONs, of several of the saturated

adds have been described as thick oils.^’

The fatty add piperidides are easily obtained by condensation

of the adds with piperidine, thus:

CsHioNH + HOiCR CsHioNCOR + H^O

It has been observed that the piperidides of pelargonic add and

2-nonenoic add are violently pungent, those of capric, undecanoic,

and 10-undecenoic acids weakly pungent, and that of myristic add
tasteless. The following physical constants have been reported^
for some of the fatty acid piperidides: capiylic, 64 144°; pelargonic,

613 184-187°; 2-nonenoic, 64 167°; capric, 612 193-194°; undecanoic,

67 187-189°; 10-undecenoic, be 185-186°; lauric, 63 185-187°; and
myristic, 63 206-207°, m.p. 28°.

Stendal ^ has described the preparation of the ureides of the

fatty acids by the action of urea on the ethyl esters, and has re-

ported the following melting points: caprylic, 191.3°; capric, 187°;

stearic, 176.8°; arachidic, 172°; undecenoic, 175°; oleic, 161°; and

erucic, 161.5°. These ureides are hydrolyzed by potassium hydrox-

ide solution to yield the potasdum salts of the corresponding adds.

The high molecular weight acyl-, diacyl-, and alkylsulfanil-

amides, which have recently been synthesized, are of considerable

pharmacological interest. A logical nomenclature for the substi-

tuted sulfanilamides has been suggested.^^ The nitrogens are

differentiated by superscripts: referring to substituents on the

amide nitrogen and to substituents on the amino nitrogen in

the sulfanilamide nucleus, ^S02N<^ . N^-acylsulf-

anilamides have been Efynthesized ^ by the action of acyl halides

on N^-acetylsulfanilamides in the presence of dry pyridine, fol-

lowed by removal of the acetyl group by treatment with sodium

hydroxide, and subsequent acidification of the resulting salt. The
following N^-acylsulfanilamides were obtained by this method:

(N^-substituent, m.p.) hexanoyl, 129.2-129.9°; heptanoyl, 121 .8-

123.6°; octanoyl, 101.0-103.0°; decanoyl, 119-121°; undecanoyl,

112.5-114.5°; dodecanoyl, 127-128/5°; tetradecanoyl, 113.5-

117.7°
;
octadecanoyl, 98-102°

;
9-octadeoenoyl, liquid. The corre-

sponding N^-acyl-N^-acetyl derivatives which were prepared

possess higher melting points than the above. N^-dodecanoyl-

N^-dodecanoylsulfanilamide melts at 144.0-145.0°. N^-dodeca-
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noylsulfanilamide was found to be effective against certain infec-

tions and to arrest the spread of tuberculosis in cavies. The solu-

bility in water decreases on ascending the series, the reverse being

noted for the solubility in fats. The following N^^aUylsulfanil-

amides have been eiynthesized and characterized: octyl, m.p.

114-119.6°; dodecyl, m.p. 118-124°; octadecyl, m.p. 127-130°;

and 9-octadecenyl, m.p. 118-122.6°.

The imidazoles, particularly the 2-alkylbenzimidazoles, and
their various derivatives constitute an important class of nitrogen-

containing aliphatic compoimds. The imidazoles are formed by
the action of aromatic diamines with carboxylic adds, the reaction

for the formation of the benzimidazoles being as follows:

The 2-alkylbenzimidazoles can be formed by the condensation of

aliphatic aldehydes with o-phenylenediamine in the presence of

cupric salts, and Graenacher and Ackermann have stated that

substituted benzimidazoles and also naphthimidazoles are formed

when o-phenylenediamine or naphthylenediamines are condensed

with glycerides in the presence of reducing agents. The imidazoles

are basic, forming salts with strong acids. They are generally iso-

lated as their picrates, which possess limited solubilities in water.

A number of 2-alkylbenzimidazoles have been prepared from the

saturated acids by Seka and Muller, and more recently Pool,

Harwood, and Ralston have prepared a series of 2-alkylbenzim-

idazoles from 2-methylbenziniidazole to 2-heptadecylbenzimid-

azole inclunve. These authors have suggested their use as deriva-

tives for the identification of the aliphatic acids. The melting

points and mixed melting points of these derivatives have been

recorded previously, in Table VI, Chapter IV. Benzimidazoles of

the monocarboxylic acids have subsequently been prepared by
several investigators.**®'

Polymethylenedibenzimidazoles have been synthesized by
Shriner and Upson,**^ by heating two moles of o-phenylenediamine

with one mole of dibasic acid at 125-135° in the presence of hydro-

chloric add as a catalyst, the reaction proceeding as follows:
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The products were described as white solids which melt with

decomposition at high temperatures. They readily form dihydro-

chlorides.

The 2-alkylbenzimidazoles and related compounds, such as the

naphtbimidazoles, have been suggested as the starting point for

the preparation of emulsif3dng agents, wetting agents, and other

materials of similar function. Alkylation of the 2-alkylbenzimid-

azoles with esters of high molecular weight alcohols and chloroacetic

add, or with halogenated ethers, such as octadecyl chloromethyl

ether, yields imidazolium compounds which have been reported to

be water soluble.^®* Surface active chemicals have been stated to

result when 2-heptadecylbenzimidazole is treated 'with benzalde-

hyde in the presence of boric acid as a condensing agent,^^* with

the addition product of N-methylolchloroacetamide and trimethyl-

amine,®" with benzaldehyde followed by sulfonation or treat-

ment with ethyl chloride,®" or when it is treated with benzaldehyde,

hydrogenated, and then condensed 'with ethyl chloride.®^* Products

useful as dispersing agents are obtained when 2-heptadecylbenzim-

idazole is condensed with methyl chloride and methanol under

pressure at 140-150®, or when 2-heptadecenylbenzimidazole is con-

densed under similar conditions 'with ethylene chlorohydrin and

methanol.®" l-Methyl-2-heptadecylbenzimidazole yields similar

products when subjected to the above reaction.®^® The condensa-

tion of 2-methylbenzimidazole with lauroyl chloride or dodecanol

followed by sulfonation yields water-soluble products,®" and it has

also been observed ®^^ that water-soluble compounds result when
l-hydroxyethyl-2-benzimidazolium chloride is treated with low

molecular weight alcohols. The sulfonation of 2-heptadecyl-

naphthimidazole and similar compounds has been investigated.®^®

The imidazolines possess the cyclic structure of the imidazoles.

The parent ring

H H

Ji li

HjC"^ ^CH ^CH*

^Ir hI i!ih

differs from that of the imidazoles in that it contains two additional

hydrogen atoms. Imidazolines which possess high molecular

weight substituents have been the subject of several investigations,

the results of which are contained in the patent literature. A
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process for the synthesis of substituted imidazolines by the con-

densation of diamines such as ethylenediamine with the fatty adds

has been disclosed by Waldmann and Chwala,^ the reaction tak-

ing place in the presence of add salts and proceeding as follows:

CH2NH2
I +HO2CR
CH2NH2

Such reactions are readily accomplished by the use of the hydro-

chloride of monoacetylated ethylenediamine and the fatty adds.^^

N-substituted imidazolinium halides are obtained by condensing

N,N'-disubstituted ethylenediamines ^vith the fatty acids, an

example being the condensation of N,N'-dibenzylethylenedi-

amine with stearic acid in the presence of hydrochloric acid, to

yield 2-heptadecyl-l,3-dibenzylimidazolinium chloride as follows:®"

HjO—JfH

NH
^

H2C— ^ „
. C17H3BCO2H -h HCl I

^>0-CnHsi
HgC—X^Cl

The treatment of such products with sulfonating agents yields

water-soluble compounds. Surface active compounds are also

produced when 2-alkylimidazolines are treated with compounds
such as l-chloro-2-hydroxypropanesulfonic acid.®" The use of the

substituted imidazolines as wetting agents has been patented.®^®

The dehydrogenation of the 2-alkylimidazolines in the presence of

metallic catalysts and hydrogen acceptors has been stated to yield

imidazoles, which can subsequently be treated with hydrogen

halides to produce wetting agents.®®®

Several other classes of nitrogen-containing cycloaliphatic de-

rivatives have been described and are worthy of mention. One of

the most important of these, the phthalimides, results from the

condensation of amines with phthalic acid or phthalic anhydride,

the reaction in the latter instance being illustrated by the forma-

tion of dodecylphthalimide as follows:
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Treatment of the phthalimides with strong alkalies results in

tlieir partial hydrolysis to monosubstituted amides, thus:

O H

NCuHtt + NaOH

6

/Nc—A—CiiH«

ONa

The preparation of polymethylenediphthaJimides by the reao-

ion of compounds such as 1,10-diiododecane with two moles of

)otassium phthalimide has been described by v. Braun, decar

nethylenediphthalimide being formed as follows:

yield of 75% of this compound, melting at 136®, was reported.

Qydic imines have been obtained by the cyclization of a-halo-

>-aminoalkanes, X(CH2)nNH2 ,
in the presence of alkalies.*®* For

xample, l-bromo-16-aminohexadecane, when heated for five days

t 73® in aqueous isopropyl alcohol containing sodium hydroxide,

^ves 46% of hexadecamethylenimine and 24% of l-hydroxy-16-

minohexadecane. Pentadeca-, tetradeca-, and tridecamethyl-

nimines are similarly prepared. It was observed that the forma-

ion of nine- to twelve-membered cyclic imines is quite difficult,

s indicated by an unsuccessful attempt to obtain the twelve-

lembered imine and a yield of only 5% for the eleven-membered

ompound. Pentadecamethylenimine ^was reported to possess a
trong local anesthetic action; however, its hydrochloride and ace-

ate are local irritants. Methylation of the cyclic imines yields the

I-methyl derivatives, which are liquid at ordinary temperatures.

THE ALIPHATIC NITRILES

The nitriles, RCjN, are important chemical intermediates for

lie synthesis of a wide variety of aliphatic compounds. The re-

ctivity of the nitrile molecule is occasioned by the presence of the

nsaturated nitrogen atom, the nitriles as a class being character-

sed by many additive reactions which make them one of the im-

ortant and interesting series of aliphatic derivatives.
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Preparafioii of Nitriles

The formation of nitriles by the dehydration of amides was de-

scribed over a century ago by Wohler and Liebig and has since

been the subject of many investigations. Phosphorus pentoxide

is the dehydrating agent most frequently employed, although other

agents are often used and recommended. In 1869, Henry

described a method for the preparation of nitriles by the dehydra-

tion of amides with phosphorus pentasulfide, and the preparation

of but3rronitrile, valeronitrile, and capronitrile was accomplished

by this procedure. A number of years later, Krafft and Stauffer ^

obtained lauronitrile, myristonitrile, and stearonitiile by the action

of phosphoric anhydride on the respective amides, the boiling

points of these nitriles being subsequently determined by Krafft

and Weilandt.*®® Dehydrating agents such as carbonyl chloride

have been suggested for the preparation of nitriles from amides,

and Boehner and Andrews have studied the decomposition of

amides into nitriles by heating them in the presence of aluminum

oxide, pumice, glass, or graphite at temperatures between 250^

and 300^. It was also observed that nitriles result when amides

are passed in the vapor phase over aluminum oxide, the optimum
temperature being 426®.^

Since the amide is an intermediate in the preparation of nitriles

from the fatty acids, it is evident that nitriles may be formed

directly from the fatty acids and ammonia at high temperatures

without the actual isolation of the amides. The direct formation

of nitriles from the fatty acids may be accomplished in either the

vapor or the liquid phase. The studies which have been made upon
the latter method have been very helpful in explaining the mecha-

nism of nitrile formation. The formation of small amounts of

nitriles during the preparation of amides from the fatty acids was
observed by Mitchell and Reid,“ the amount of nitrile being

markedly increased if the reaction takes place in the presence of

zinc chloride. The liquid-phase conversion of fatty acids to nitriles

has been studied by Ralston, Pool, and Harwood,^® who observed

that when the fatty adds are heated in a stream of ammonia at

a temperature of about 300® and the resulting water is continuously

removed from the reaction mixture, a complete conversion of the

fatty adds to nitriles is obtained. It had formerly been supposed

that the mechanism of the liquid-phase formation of nitriles from

fatty adds by their reaction with ammonia involved a stepwise

dehydration, the ammonium soap losing a molecule of water to
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form the amide and the amide losing a molecule of water to form

the nitrile. A study ^ of the mechanisms of the formation of

nitriles from amides has shown that the reaction is not one of

simple dehydration, since the p3n*olysis of an amide yields equi-

molecular quantities of a nitrile and a fatty acid. Thus, when
stearamide is heated above its decomposition temperature the

product consists of equimolar quantities of stearic acid and stearo-

nitrile, showing that two molecules of the stearamide have entered

into the reaction, one being converted to the nitrile and the other

to the acid. It was postulated that the water formed by the de-

hydration of one molecule of amide serves to hydrolyze a second

molecule, as expressed by the following equilibria:

i —HjO —HjO
RCO2H + NHa 5=± RCO2NH4 ^

> RCONH2 < > RCN
+ HsO +H2O

(I) ai) (III)

The peculiar physical properties of the amides which have been

attributed to their tautomeric nature and association have already

been discussed. It is interesting to note that the above reaction

may be explained by rupture of a heterocyclic ring, and it is highly

probable that detailed studies of nitrile formation may yield some

clue to the actual molecular structure of the amides.

A consideration of the above mechanism shows that when the

fatty acids are heated in a continuous stream of ammonia at a

temperature above the decomposition point of the amides, a series

of reactions results in which the amides are alternately formed and

decomposed, the amount of acid progressively decreasing and the

amount of nitrile increasing until a quantitative conversion is

obtained. Such reactions take place either in the presence or in

the absence of contact catalysts and are accelerated by the re-

moval of water during the process. It has been claimed that

nitriles are formed when fatty acids or amides are heated with

ammonia under pressure, the reaction being catalyzed by thoria or

alumina.

When the fatty acids or their esters are passed in the vapor phase

with ammonia over contact catalysts, at temperatures around 400^,

they are rapidly converted to nitriles. Since the temperatures

employed are much above the point of stability of the ammonium
soaps, the actual mechanism of nitrile formation in the vapor phase

is not known. Among the first to employ the vapor-phase method
were Weidel and Ciamician,*®® who obtained capronitrile by passing
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a mixture of ammonia and caproic acid vapor over red-hot pumice.

The preparation of aromatic nitriles by passing the vapors of

aromatic carboxylic acids mixed with ammonia over thoria was

investigated by Mailhe,*®^ and it was subsequently shown that

aliphatic nitriles are formed when the esters of aliphatic acids are

similarly treated. The preparation of oleonitrile by passing a

mixture of ammonia and methyl oleate over heated alumina has

been described by Mailhe,*®® who made the following statements

relative to the optimum temperature.

The temperature at which the reaction takes place is relatively

high. It varies between 480-490® for thoria and 500® for alumina, the

thermometer being laid in the trough which supports the catalytic tube.

The reaction begins successfully at the lower temperature, around 450®,

but under these conditions the reaction is incomplete and a part of the

ester remains unchanged or the decomposition stops entirely at the

amide stage.

The catalysts generally employed are alumina or thoria, al-

though it has been stated that silica gel is more effective than

either of these oxides. Titania is also frequently suggested as a

satisfactory contact catalyst for this conversion. Mailhe^^ has

observed that when the vapors of amides are passed over reduced

nickel catalysts, carbon monoxide is split off and the resulting

amine is dehydrogenated to a nitrile containing one carbon atom
less than the starting amide. The direct conversion of acid chlo-

rides into nitriles has been investigated,^^2 it having been observed

that when the vapors of acid chlorides mixed with ammonia are

passed over dehydrating catalysts at 490-500° the corresponding

nitriles are produced in substantial yields, the reaction being as

follows:

RCOCl + NH3 RCN + H2O + HCl

It appears logical to assume that an amide is formed as an inter-

mediate product during this reaction. High yields of nitriles are

obtained when the vapors of aliphatic aldehydes and ammonia
are passed over thoria at 220°, and it has also been observed

that primary and secondary aliphatic amines are dehydrogenated

in the presence of nickel with the formation of a mixture of nitriles,

ethylenic hydrocarbons, and hydrogen. When equinmlar mixtures

of organic esters and primary amines are passed over dehydrating

catalysts at 500°, nitriles, alcohols, and unsaturated hydrocarbons

are formed.^*^ The preparation of nitriles by passing the vapors



THE NITROGEN-CONTAINING DERIVATIVES

of fatty adds or their esters together with ammonia over dehydrat-

ing catal3rsts heated to 320-420° has been patented.^^^^ Unsatu-

rated nitriles may be prepared by passing the vapors of hydroxy

adds, such as ridnoleic acid or hydroxystearic acid, over catalysts

in the presence of ammonia at temperatures between 300° and

460°, the dehydration within the alkyl chain proceeding dmul-

taneously with nitrile fonnation.^* The use of aluminum phos-

phate as a dehydrating catalyst has been suggested^" for the

vapor-phase formation of nitriles from the fatty adds or their

esters.

The preparation of dinitriles from diamides or dicarboxylic acids

can be accomplished by essentially the same procedures which have

been developed for the preparation of the mononitriles; however,

owing to the polyfunctional nature of the dicarboxylic adds and

their amides, side reactions are more frequently encountered.

Greenewalt and Rigby have obtained nitriles such as sebaco-

nitrile by heating the respective amides in a stream of ammonia at

a temperature of about 250°. Ammonium molybdate was suggested

as a suitable catalyst. The preparation of adiponitrile by heating

adipamide with acetic anhydride in the presence of cobalt or nickel

acetate has been disclosed, and this nitrile has also been obtained

by passing ammonia through adipic acid at 300° in the presence

of phosphates.*®^ The preparation of adiponitrile by heating the

diamide in the presence of ammonium molybdate has been

studied,*®* and it was reported that the optimum temperature for

the reaction is between 220° and 230°. The liquid-phase formation

of dinitriles by the action of ammonia on the dicarboxylic acids is

catalyzed by the presence of phosphoric acid or its esters.*®® The
vapor-phase reaction between adipic acid and ammonia for the

preparation of adiponitrile has been studied,*®^ the vapors being

passed over a dehydrating catalyst at 320-400°. Catalysts which

contain both boron and phosphorus are effective in promoting this

reaction.*®®**®®

The synthesis of nitriles by the reaction of alkyl halides with

inorganic cyanides is one of the oldest and most conventional

methods for their preparation. Since this process results in a

nitrile which contains one carbon atom more than the parent alkyl

compound, it is frequently employed for the synthesis of odd-car-

bon-membered acids and other aliphatic derivatives. The alkali

cyanides are most generally employed to effect this synthesis, the

heavy metal cyanides such as mercuric, silver, zinc, and other
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cyanides frequently yielding isonitriles or mixtures of isonitriles

with nitriles. Isonitrile formation is especially pronoimced when
the shorter-chained alkyl halides are treated with the heavy metal

cyanides. The preparation of high molecular weight nitriles by
treating alkyl iodides with alcoholic solutions of potassium cyanide

has been described in detail by Levene and Taylor.^" Heptadeo-

anenitrile has been obtained by the action of potassium cyanide

on hexadecyl iodide, and the synthesis of tridecane-, pentadecane-,

and heptadecanenitrile by the action of potassium cyanide on

dodecyl, tetradecyl, and hexadecyl iodides has been described.*®

Optically active nitriles, such as d-amyl cyanide, EtCHMeCH2CN,
have been obtained by treating the corresponding iodide with

potassium cyanide.*® The dinitriles can be prepared in good yields

by the treatment of dihalo compounds with alcoholic solutions of

potassium cyanide. Detailed procedures for the preparation of

1,10-dicyanodecane and 1,12-dicyanododecane from 1,10-diiodo-

decane and 1,12-diiodododecane have been published,**^ and v.

Braun and Danziger *** have described the synthesis of 1,5-dicyano-

pentane, 1,7-dicyanoheptane, 1,9-dicyanononane, and 1,11-di-

cyanoundecane by a similar procedure.

Several other methods for the synthesis of the aliphatic nitriles

have been proposed. The action of excess bromine in alkaline

solution on the aliphatic amides or amines, first investigated by
Hofmann, ^*^ yields nitriles which contain one carbon atom less

than the parent compound. This reaction can be conveniently

employed for the synthesis of the odd-carbon-membered nitriles.

Aldoximes lose a molecule of water in the presence of dehydrating

agents, such as acetic anhydride, to form the corresponding nitriles,

thus:

RCHiNOH RC-N + HjO

Mixtures of nitriles and amides are formed Avhen aliphatic acids

are treated with the alkali salts of thiocyanic acid.*^ The splitting

of phenylhydrazones in the presence of catalysts such as cuprous

chloride yields a mixture of nitriles and amines*®* according to

the reaction

C^HsNHNiCHR CeHsNHa + RCN

Although high yields of nitriles have been obtained by this

method, the reaction is of only theoretical interest for the prepara-

tion of the higher molecular weight nitriles, owing to the difficulty

of obtaining the higher aldehydes in a state of purity.
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Physical Properties of the Aliphatic Nitriles

The aliphatic mtriles possess lower melting and boiling points

than the corresponding acids. The higher members of the series

are low-melting solids. They possess a characteristic odor which

reaches a maximum at valeronitrile; myristonitrile and its higher

homologs are odorless. The aliphatic nitriles are non-toxic, and

relatively large amounts can be consumed without iU effects.

TABLE IV

Melting Points of Aliphatic Nitbiles

No. of C Atoms M.P., ®C.

4 -112.6

5 -96.0
6 -79.4
8 -45.6
9 -34.2
10 -14.46*
12 4.02*

14 19.25*

16 81.40*

18 40.88*

20 48.5-49.5

22 63.5-54.5

25 58^9
26 61-62

* Denotes freezing point.

The lower molecular weight aliphatic nitriles possess very low

melting points, the values rising first abruptly and then more
gradually as the series is ascended. Table IV shows the reported

melting points of some of the saturated aliphatic nitriles.

Levene and Taylor have reported double melting points for

several of the higher molecular weight nitriles; however, this ob-

servation has not been verified and may have been occasioned by
the presence of impurities.

The saturated nitriles can be distilled imder reduced pressure

without undergoing decomposition and the lower members can be

distilled at atmospheric pressure. Lauronitrile and its higher

homologs undergo some decomposition when distilled at atmos-

pheric pressure. The boiling points of the saturated nitriles con-

taining from fflx to eighteeen carbon atoms inclusive have recently
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been determined at a number of pressures under equilibrium

conditions. The reported values are compiled in Table V.

TABLE V

BoUiiNG Points of Alkyl Nitriles

No.
of C

^ at FoUowmg Pressures in Millimeters

Atoms 1 2 4 8 16 32 64 128 256 512 760

6 . .

.

, 44.7 57.0 71.6
^
87.8 106 1 126.4 149 9 164 8

7 . , 48 5 61 1 74 7 89 9 *106 8 125 8 147.1 171 3 186.9

8 41 1 52 0 64 0 77 3 91 6 107.3 124 7 143.9 166.1 191.2 206 8
9 55 0 66 1 79 0 92 4 107.1 123 3 141.2 160 2 183 5 209 3 225.9
10 69.6 81.1 93.7 107.6 122.3 138 8 157 2 177.8 201.0 227 4 244 1

11 82 9 94.8 107.8 121.8 137.1 154.1 172.7 193.5 216.7 248.7 260.8
12 95.8 107 3 120.1 134.4 150.1 167.4 186 7 208.1 232.4 259.4 276 7
13 107 6 119 8 133 2 148 1 164.2 181.7 201 3 222 9 247 2 275 5 292.8
14 118 9 131.6 145 4 160 4 177.1 194.8 214.7 237 1 261 7 298 3 306 9
15 130 5 143 6 157 6 172 7 189 2 207 2 227 4 250 2 275 4 304 3 322.1
16 142 3 155 0 168 6 183 9 200 5 218 8 239 2 267 2 287 4 316 2 334 2
17 152.3 164.9 179 1 194 8 211 9 230 4 251.3 274 0 299 6 328 2 346.7
18 161.3 174.6 189 0 204 5 221 7 240 8 261 4 284 6 311 4 339 8 357 4

The vapor pressures of the saturated aliphatic nitriles at various

temperatures are shown in Fig. 7.
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I>orted,^ and the daisities of the aliphatic nitriles which are liquid

at ordinary temperatures have been published by Merckx, Yer-

hulst, and Bruylants”^ and also by Daragan.^ The former

reported the following densities for the liquid nitriles: (dS,

valeronitrile, 0.81636, 0.80348, 0.79060; capronitrile, 0.82171,

0.80942, 0.79711; enanthonitrUe, 0.82524, 0.81348, 0.80176;

caprylonitrile, 0.82871, 0.81739, 0.^586; pelargononitrile, 0.83180,

0.82061, 0.80947; caprinitrile, 0.83429, 0.82322, 0.81243; undecane-

TABLE VI

Refractive Indices (no) of Normal Aliphatic Nitriles

Nitnle 20.0® 26.0® 30.0® 35.0® 40.0® 45.0® 50.0® 56 0® 66 0® 76.0®

Butyro- 3842 1 3820 1 3798 1 3773 1.3754 1 3729 3706 1 3862 1.3636 1.3590

Valero- .3972 1.3950 1 3929 1 3908 1 3887 1 3864 3843 1 3820 1.3774 1 3727

Cqiro- 4069 1 4049 1.4028 1 4008 1.3986 1 3966 3944 1.3921 1.3878 1.3834

Enantho- .4144 1 4124 1 4104 1.4083 1 4064 1 4044 4022 1 4000 1.3960 1 3817

Capryb- 4204 1 4183 1.4164 1.4145 1 4124 1.4104 4085 1.4063 1.4021 1.3980

Fdargono- 4254 1 4235 1 4216 1.4197 1.4176 1 4157 4137 1.4115 1.4075 1.4085

Capn- 4296 1 4276 1 4256 1.4237 1.4218 1 4199 4180 1 4169 1 4119 1.4080

Undecane- 4330 1 4312 1.4293 1 4273 1 4254 1.4236 4217 1.4197 1.4166 1.4118

Lauro- 4360 1 4341 1.4322 1 4304 1.4286 1 4267 4248 1 4227 1 4188 1.4149

Tndeoane- 4387 1 4368 1.4349 1.4330 1 4312 1.4294 4275 1 4254 1.4216 1.4177

Mynato- 4410 1.4392 1.4373 1 4354 1.4335 1.4317 4398 1 4279 1.4240 1.4202

PeatadeQBiiB~ 1.4413 1.4396 1.4376 1 4366 1.4338 4320 1 4300 1.4261 1.4224

Fabmto- 1 4396 1 4377 1 4358 4340 1 4318 1.4281 1.4244

Margaro- 1 4392 1 4373 4355 1 4336 1 4298 1.4260

Stearo- 1 4389 4370 1 4351 1.4313 1.4276

nitrile, 0.83621, 0.82538, 0.81464; lauronitrile, 0.83815, 0.82744,

0.81682; tridecanenitrile, —
, 0.82937, 0.81885; myristonitrile, —

,

—
,
0.82067. The refractive indices of the normal saturated ali-

phatic nitriles from butyronitrUe to stearonitrile inclusive have

recently been reported.^ When the refractive indices of the

nitriles are plotted against temperature, a rather abrupt change

of slope occurs at 40-45^, a phenomenon similar to that observed

for the refractive indices of the acids.*®* This effect is not observed

with the hydrocarbons, it having been shown that heptane ex-

hibits a normal behavior. This relationship between the refractive

indices and temperature was ascribed to the influence of the latter

upon the orientation of the dipoles, since at elevated temperatures

the thermal agitation of the molecules overcomes the restraint

imposed by dipole interaction. The refractive indices of the nitriles

are shown in Table VI.

Binary mixtures of the saturated aliphatic nitriles exhibit poly-

morphism, and the liquid mixtures are also mesomorphic over an
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appreciable raxige of temperature and composition. The recently

investigated system palmitonitrile-stearonitrile^ is shown in

Fig. 8.

It will be noted that all mixtures of palmitonitiile and stearo

nitrile exist in two modifications. The low-melting, unstable form,

a, the liquidus curve of which is shown by the line ACDB, is the

one first obtained on cooling. This modification shows the formar

tion of an equimolar compound with an incongruent melting point

E and a eutectic C at 14.78® which contains 26.3 mole % of stearo-

nitrile. The curve AMNB is the liquidus for the or stable

modification, and its similarity to that showm by the oc-form is

apparent. It is quite interesting to note that the stable form does

not go immediately to an isotropic liquid on heating but assumes

a series of mesomoiphic states as indicated by the transition curves

r, Uy V, and finally W, Above the line W, the mixtures exist as

isotropic liquid. No evidence of poljmiorphism of the pure com-
ponents was observed. This is not surprising, however, since it

is rather generally accepted that an unstable form of an aliphatic

compound is rendered relatively more stable in mixtures.

An extensive investigation of the solubilities of the even-carbon-

membered aliphatic nitriles containing from ten to ei^teen carbon
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atoms has recently been published.^ In general, the solubilities

of the nitriles decrease with increasing polarity of the solvent, and

in a i^cific solvent the solubilities decrease regularly with increas-

ing molecular weight of the nitriles. The nitriles form eutectic

mixtures with the non-polar solvents (benzene, cyclohexane, and
tetrachloromethane), the eutectic between lauronitrile and ben-

TABLE VII

Solubilities of Nitriles m Acetone

Grams per 100 g. Acetone

No. of C
Atoms
10

-40.0° -20.0° 0.0° 10.0° 20 0° 30.0°

40.8 478 00 00 00 00

12 7 3 32.6 660 00 00 00

14 1 8 4.2 63 239 00 00

16 0 3 1 0 9 5 47.8 187 2450

18 .

.

«0 1 1.0 8.8 53 197

TABLE VIII

Solubilities of Nitriles in 95% Ethanol

Grams per 100 g. ^5% Ethanol

No.ofC -40.0^ -20.0° 0 0° 10 0° 20 0° 30.0°

Atoms
10 7.5 137 00 00 00 00

12 2.4 o 6 181 00 QO QO

14 1.2 2 2 8 7 59 00 00

16 0 6 0 7 1 7 5.1 33.3 1000

18 «0 2 0 3 0.5 0.9 4 5 35 7

zene, for example, containing 51.1% nitrile and freezing at — 14.8°.

That between lauronitrile and cyclohexane contains 19.9% nitrile

and freezes at —15.1°, and that between lauronitrile and tetra-

chloromethane contains 7.9% nitrile and freezes at —27.9°. The
nitriles are more soluble in benzene than in cyclohexane or tetra-

chloromethane. They are, in general, less soluble in the slightly

polar solvents (trichloromethane, ethyl ether, glacial acetic acid,

ethyl acetate, butyl acetate) than in the non-polar solvents. The
nitriles are less soluble in acetone than in butanone, and are less

soluble in methanol, 95% ethanol, isopropyl alcohol, and butanol

than in any of the solvents mentioned above. They possess

limited solubilities in acetonitrile and nitroethane. Tables VII
and VIII show the solubilities of the nitriles in acetone and 95%
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ethanol, and their solubility curves in benzene and ethyl ether are

shown in Figs. 9 and 10. The nitriles show evidences of appreciable

hydrogen-bonding tendencies which markedly influence their

solubility characteristics. They possess relatively high dipole

moments.

Very few reliable constants are available for the unsaturated

nitriles. Bruylants and Emould have reported the following

values for the hexenenitriles: iran«-2-hexenenitrile, 6755 164-166°,

df 0.82635, 1.43408; cw-2-hexenenitrile, 6757 149.5°, df
0.82331, nS 1.43157. The 2-heptenenitriles have been prepared

by Vande^yer and also by de Hoffmann,*®* the latter of whom
reported the following physical constants: cis-2-heptenenitrile,

612 5 60.2-60.4°, d\^ 0.82960, df 0.81754, 1.43849, 1.43205;

^mws-2-heptenenitrile, bis 67.8°, di® 0.83088, 0.81875, nj)

1.44292, no 1.43668. Cis- and fran8-2-imdecenenitriles have the

following constants:**^ cis-, bio 119.7-119.9°, d|® 0.83255, tid

1.44816; trana-, bio 127.9-128.1°, df 0.83359, 1.45146. Elaido-

nitrile freezes at about — 1° and boils at 213-214° under 16 mm
pressure.*®* The physical constants of a number of the 2-alkene-

nitriles have been tabulated by Bruylants.*®*

Qiemical Properties of the Aliphatic Nitriles

Hydrolysis of the nitriles proceeds through the amides to the

carboxylic acids, the reaction being the reverse of that which takes

place dunng the formation of nitriles from the carboxylic acids.

The lower molecular weight nitriles can be hydrolyzed completely

by refluxing with aqueous or alcoholic solutions of alkali hydrox-

ides.*^®* *^^ The rate of hydrolysis of the higher members is appre-

ciably accelerated by conducting the reaction under pressure. The
catalytic hydrolysis of nitriles by steam has been studied by
Mailhe,*^- who showed that when the vapors of nitriles mixed with

steam are passed over thorium oxide or aluminum oxide at about

420°, complete hydrolysis occurs ^^^th the formation of the corre-

sponding acids. The preparation of caproic acid from capronitrile

by this procedure was described.

The velocity of both the alkaline and the acid hydrolyses of the

lower molecular weight nitriles has been the subject of several

investigations. Since such hydrolytic reactions probably proceed

stepwise, two equilibria are involved, as follows: nitrile -> amide

-> acid, the equilibrium constants and the relative rates of attain-

ment of equilibrium being functions of the conditions employed
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for the hydrolysis. It is evident that if the rate of hydrolysis of

the amide k2 is rapid in comparison to that of nitrile hydrol3rsis

the latter will be determinative as regards the overall reacticm

rate. If, on the other hand, the reverse is encoimtered, the former

wUl be determinative, and the reaction may be stopped at the

amide stage. The rate of amide hydrolysis may, of course, be

studied independently by starting with the amide. In their

study of the rates of hydrolysis of a series of low molecular weight

nitriles including acetonitrile and propionitrile, Krieble and Noll

observed that the rates of hydrolysis with hydrochloric acid in-

crease rapidly with increasing concentration of the add, the

increase being approximately proportional to the increase in the

square of the mean ion activity. Sulfuric acid was reported to be a

much poorer catalyst than hydrochloric add. The rate of hydrol-

ysis of propionitrile in concentrated solutions of mineral acids has

been extensively studied by Winkler and associates.

It was observed that for acid concentrations between IN and 4N
the rate of amide hydrolysis is much greater than that of nitrile

hydrolysis (>100:1). At higher acid concentrations either the

relative rates are comparable or the amide hydrolysis is slower,

depending upon the particular acid employed. The range of reac-

tion rates exhibited in various concentrations of sulfuric acid is

quite wide, the velocity of nitrile hydrolysis increasing and that

of amide hydrolysis decreasing with increasing acid concentra-

tion. It was stated, for example, that with lO.OOiV^ sulfuric acid

the ratio of the velocities of the nitrile and amide hydrolyses is

about 1 :30, whereas at IS.SbiV the ratio is 10:1. In their study of

the hydrolysis of nitriles in glacial acetic acid-concentrated sul-

furic acid mixtures, however, Karv6 and Gharpure reported

insignificant amide formation over an acid concentration range

from 1Q.S4N to 26.21JV. This can probably be explained on the

basis of a modified solubility effect. The reduction in the rate of

amide hydrolysis is quite evident with concentrated sulfuric acid

solutions, since when nitriles are dissolved in this reagent a quanti-

tative conversion to the corresponding amide is obtained. Since

the nitriles are easily purified by distillation, their reaction with

concentrated sulfuric acid offers a convenient method for the

preparation of amides.^® In their studies of the hydrolysis of

nitriles in concentrated solutions of mineral acids, Winkler and
associates wb, «i8 observed that at lower acid concentrations

the velocities of hydrolysis in the various acids are essentially
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similar; however, at higher concentrations the catalytic effect de-

creases in the order: hydrochloric acid, sulfuric acid, hydrobromic

add, nitric acid. It was stated that such differences may be ac-

counted for by q)ecific differences in the PZ and E factors of the

Arrhenius equation, a decrease in activation energy with increas-

ing acid concentration being typical.

Nitriles are converted to acids in good yields by heating with

100% phosphoric acid; however, with 93.6% phosphoric acid

the nitriles remain practically imchanged.^^ Hantzsch ^ has

stated that nitriles dissolve in strong acids to yield true salts, which

in certain instances slowly change to amides. The reaction kinetics

have been studied by von Peskoff and Meyer.“*

Alkaline hydrolysis is much more frequently employed than add
hydrolysis for the preparation of the high molecular weight acids

from nitriles. Levene and Taylor have accomplished the hy-

drolysis of the higher molecular weight nitriles by prolonged boiling

with an excess of 50% aqueous sodium hydroxide solution, the

acids being obtained by subsequent acidification of the resulting

soap. Alkaline hydrolysis of the nitriles is very often employed as

one of the steps in S3mthetic procedures involving high molecular

weight aliphatic compounds, since when the reaction is conducted

imder pressure at about 150® a very rapid and complete hydrolysis

results. Kinetic studies ^ upon the alkaline hydrolysis of propio-

nitrile indicate that the rate is dependent upon the rate of forma-

tion of the intermediate amide, the relative rates of the hydrolysis

of propionitrile and propionamide being approximately 1 : 10. The
reaction rate is apparently independent of the alkali concentration,

although Reitz has reported a decrease above O.SiV. Subse-

quent investigations, however, have failed to confirm this finding.

The activation energy for the alkaline hydrolysis of propionitrile

is materially less (5000 cal.) than that for the acid hydrolysis. The
independence of the rate of alkaline hydrolysis upon alkali concen-

tration BU^ests a somewhat different mechanism from that en-

countered in acid hydrolysis.

Nitriles may be converted directly to esters by treatment with

alcohols under pressure in the presence of acid catalysts. It has

been reported that the best conditions for the preparation of

ethyl esters from nitriles include treatment with one mole of con-

centrated sulfuric acid and ten parts of ethanol at 130-’140® in a

pressure vessel, concentrated sulfuric acid appar^tly being prefei^

able to hydrodiloric acid for this purpose. The thiohydrolysis of
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nitriles by alkaline sulfide solutions yields the corresponding thio-

arnides,”'^" which have been discussed previously.

Nitriles react with hydrogen chloride in alcoholic solution to

form imino ethers from which amidines may be obtained

by treatment with alcoholic solutions of ammonia. The prepara-

tion and properties of compounds of this type have been discussed

earlier in this chapter.

Imino chlorides result from the direct addition of hydrogen

chloride to the nitriles. These may be reduced to aldimines, the

hydrolysis of which yields aldehydes as follows:

RC-N 5^ RCa:NH % RCH:NH RCHO + NH,

Caprylonitrile, myristonitrile, palmitonitrile, and stearonitrile

yield the corresponding aldehydes by hydrolysis of their aldimines.

The aldimines may be prepared easily by treating nitriles with an

ether solution of hydrogen chloride in the presence of anhydrous

stannous chloride, the aldimine separating as aldimine stannic

chloride, (RCH:NH *HCl)2SnCl4 . The steam distillation of these

complexes was stated to give the aldehydes in high yields. The
more recent work of Williams *** has indicated that this process

gives small yields of the higher aldehydes.

The reaction of aliphatic nitriles with Grignard reagents offers

a very satisfactory procedure for the preparation of the higher

molecular weight ketones, the addition product first formed being

hydrolyzed to yield ketones as follows:

(I) RCiN + R'MgX RR'C.-NMgX

(II) RR'C:NMgX + 2HC1 -h H2O RR'CO + MgXCl + NH4CI

Baerts ^ has reported that butyronitrile and ethylmagnesium

bromide yield 40% of ethyl propyl ketone, side reactions resulting

in some formation of 3-ethyl-3-hexanol and 2-butyrylbutyronitrile.

The action of adiponitrile with ethylmagnesium bromide 3delds

l-imino-2-cyanocyclopentane and 3,8-decanedione.**® Ketones

have been obtained by the action of organomagnesium com-

pounds on brominated nitriles. The amides likewise react with

Grignard reagents to form ketones, Ryan and Nolan having

obtained a-naphthyl heptadecyl ketone by the action of the

corresponding Grignard reagent on stearamide. They have also

prepared a-naphthyl pentadecyl ketone and p-tolyl pentadecyl

ketone from palmitamide by similar procedures. Ralston and
Christensen have described the preparation of a number of high
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molecular wei^t ketones by the action of Grignard reagents on

nitriles and have established their identity by comparison with the

products obtained by Friedel-Crafts reactions. The following pro-

cedure was employed for the preparation of ketones from nitriles

by the Grignaid method:

The magnesium complex was prepared and the corresponding nitrile

added dropwise and refluxed until the Grignard reagent was used up,

as evidenced by a negative color test. . . . The reaction mixtures

were hydrolyzed by 10 per cent hydrochloric acid. Satisfactory yields

were obtained—^for example, 67.0 per cent, in the s3nithesis of p-diphenyl

heptadecyl ketone, and 61.5 per cent in the case of p-diphenyl undecyl

ketone.

The color test referred to above is that devised by Gilman and

Schulze.

Amides result from the action of alkaline solutions of hydrogen

peroxide on nitriles, the reaction taking place with a liberation of

oxygen.** The nitriles undergo many additive reactions, an ex-

ample of which is the addition of hydroxylamine.*^^* ***» *** When
the aliphatic nitriles are treated with metallic sodium, substituted

aminopyridines are formed from the condensation of three moles

of nitrile.**^’***’*** The addition of bromine to aliphatic nitriles

yields 2-bromo nitrilefe *®^* *^’ which, when treated with organic

bases, lose hydrogen bromide to yield 2-alkenenitriles. The 2-

alkenenitriles possess a conjugated unsaturated system and conse-

quently show 1,4-addition reactions.

The preparation of amino nitriles by the action of liquid am-
monia on hydroxy nitriles has been disclosed,*^* an example being

the preparation of &-aminocapronitrile from 6-hydroxycapro-

nitrile. Amino acids result from the hydrolysis of these amino
nitriles. The preparation of the amino nitriles by various pro-

cedures has been investigated by Luten.*** Unsaturated nitriles

may be polymerized in either the presence or the absence of cat-

alysts *^ to yield dimers or higher polymers, and these products

may be hydrolyzed to polycarboxylic acids *^* or hydrogenated to

polyamines.*" Probably the most important reaction of the long-

chain nitriles is their reduction or catal3rtic hydrogenation to

amines. Such reactions are discussed later in this chapter.

A distinctive characteristic of the aliphatic nitriles, differenti-

ating them from other high molecular weight, polar aliphatic com-
pounds, is that they can be thermally cracked without loss or
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modification of their polar group.^ If the fatty acids and am-
monia are caused to react at temperatures above the thermal

stability point of the nitriles, the processes of nitrile formation and
cracking proceed simultaneously, cracked nitrile mixtures being

obtained directly. Amines such as methylamine or aniline may be

employed instead of ammonia, a mixture of cracked anilides result-

ing in the latter instance. The aliphatic nitriles may be cracked

in either the vapor or the liquid phase, the former method consist-

ing of passing the vapors over various catalysts at temperatures

between 450^ and 600^, and the latter of heating them in a closed

vessel at approximately 420®. The products consist of a mixture

of straight-chain saturated and unsaturated nitriles and hydro-

carbons. These cannot be separated by distillation, since the

boiling points of the resulting nitriles will correspond to those of

the hydrocarbons of greater chain lengths. A separation may be

effected, however, by converting the nitriles in the cracked mix-

ture either to acids or to amines and separating these from the

hydrocarbons by washing with aqueous alkaline or acid solution.

Various procedures have been developed for the direct separation

of the nitriles and hydrocarbons in such mixtures, one of the most

effective of which consists of passing the cracked mixtures over

silica gel, which adsorbs both hydrocarbons and nitriles. Washing
with petroleum ether removes the hydrocarbons, the nitriles being

subsequently removed by heating the silica gel in a stream of

ammonia. The use of preferential solvents brings about an effi-

cient separation of the nitriles and hydrocarbons from the mixture

of cracked products. It was found that the nitriles are easily

soluble in 75% aqueous methanol, whereas the hydrocarbons are

insoluble. However, 85% methanol forms a homogeneous solution

containing alcohol, w^ater, nitriles, and hydrocarbons. Glacial

acetic acid containing a small percentage of water dissolves the

nitriles but not the hydrocarbons. When the cracked mixtures are

treated wdth aqueous solutions of phenols, three layers are formed,

the upper consisting of the hydrocarbons, the lower of water, and

the middle of phenol, water, and nitriles. The nitriles may be

removed from this layer by treatment with aqueous sodium

hydroxide solutions. Amines, such as aniline, have also been found

to function as preferential solvents for such mixtures. The
pyrolysis of aliphatic nitriles and the separation of the resulting

products have been the subject of an extensive investigation,*®^

and the general processes involved have been patented.“®'
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The fact that the aliphatic nitriles can be cracked to yield mix-

tures of diorter-chained saturated and unsaturated nitriles together

with saturated and unsaturated hydrocarbons is quite significant,

since it means that the high molecular weight nitriles can function

as the starting material for the (^thesis of a wide variety of ali-

phatic compounds. Such mixtures contain only strai^t-chain

components and the imsaturated bonds are generally present in

terminal positions. The rather wide availability of the higher

fatty adds makes such processes of more than usual interest.

Several uses have been proposed for the higher molecular weight

nitriles aside from their function as chemical intermediates. The
aliphatic nitriles containing from ten to fourteen carbon atoms

inclusive are highly repellent to insects, and their use as agricul-

tural insect repellents has been proposed.**^ They impart the

property of ‘'oiliness” to petroleum lubricants.*®® It has been

observed that mixtures of aliphatic nitriles and mineral oil function

as penetrating oils,*®* and their use in motor fuels has been sug-

gested.*®^ The reaction products of aliphatic nitriles with phos-

phorus pentasulfide or sulfur monochloride have been proposed as

“extreme-pressure” lubricants.*®® The lower molecular weight

nitriles are effective flotation agents for certain metallic ores,*®*

and the dinitriles are also useful for this purpose.*®^ The use of

nitriles as plasticizers for synthetic elastomers and various plastic

materials is a subject of recent interest.

THE HIGH MOLECULAR WEIGHT ALIPHATIC AMINES AND
RELATED COMPOUNDS

The amines may be considered as substituted ammonias, in

which one or more hydrogens of the ammonia are replaced by
hydrocarbon radicals. The aliphatic amines are classed as pri-

mary, RNH2, secondary, RR'NH, or tertiary, RR'R'^N, depend-

ing upon whether one, two, or three hydrogens are replaced.

The R groups present in the secondary and tertiary amines may,
of course, be alike or different, and as a consequence a very large

number of representatives of this class of compounds is theoreti-

cally possible. The mixed amines which contain a long-chain

hydrocarbon group together with one or more aromatic radicals

attached to the nitrogen also constitute an important group of

compounds. Being basic, the amines form salts with adds, the

chemical and physical properties of which have been and will con-
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tinue to be the subjects of many scientific investigations. The
wide gradation in properties and the characteristic and often

unique physical behavior exhibited by the high molecular weight

aliphatic amines and their salts impart to them an interest im-

excelled by any other group of aliphatic compounds.

Preparation of Amines

Many methods have been proposed for the i^thesis of the high

molecular weight amines. Only a few of the suggested procedures

have withstood the test of time; others, because they involve

difficultly obtainable intermediates or because they result in com-

plex reaction mixtures, are of historical interest only. One of the

earliest methods employed for the preparation of primary amines

is that suggested by Hofmann,*®* who obtained hexadecylamine by
the reaction of 1-iodohexadecane with an alcoholic solution of

ammonia under pressure. It was recognized, however, that this

procedure 3delds not only primaiy amines, but also substantial

amounts of secondary and tertiary amines which, in the case of

the higher molecular weight compounds, are difficult to separate.

The reaction has been conveniently employed for the s3mthesis of

the lower molecular weight amines such as ethylamine, and van

Renesse *®® has reported satisfactory 3rields of octyl- and dioctyl-

amine by the action of alcoholic ammonia on l-iodo6ctane at 100^.

The reaction of aqueous ammonia with alkyl halides has been sug-

gested as a method for the preparation of secondary amines,**® the

reaction being conducted at about 120^ to 170^ with an excess of

ammonia. The preparation of didecyl-, didodecyl-, ditetradecyl-,

and dioctadecylamines by this procedure was described. Mixed
secondary amines such as N-methyldecyl-, N-methyldodecyl-,

N-methyltetradecyl-, N-butyltetradecyl-, and N-methyloctadecyl-

amines are obtained *®^ when alkyl halides are treated with the

lower primary amines. Alcohols constitute the main by-product

when the alkyl halides are treated with ammonium hydroxide.*®

It has been claimed *** that wetting agents can be obtained by the

treatment of chlorinated paraffins with lower molecular weight

amines followed by treatment with sulfuric acid. The preparation

of amines from petroleum hydrocarbons has been described,*® the

process involving chlorination of the hydrocarbons followed by
treatment of the product with aqueous ammonia under pressure.

The use of liquid instead of aqueous ammonia for the prei>ara-

tion of amines from the alkyl halides offers an interesting modifica-



640 THE NITROGEN^NTAINING DERIVATIVES

tion, recent experiments having indicated that this procedure may
be satisfactorily employed for the preparation of many of the high

molecular wei^t amines. The investigations of v. Braim upon

the reaction of liquid ammonia with the alkyl halides show that

the relative yields of primaiy amines are materially increased with

increase in molecular wei^t of the alkyl halide. The product

from the reaction of 1-bromopentane contains 10% pentylamine

and 80% dipentylamine; 1-bromooctane gives approximately

equal amounts of primary and secondary amines, and the product

from 1-bromododecane consists of 90% primary amine. When
equal amounts of l-chlorododecane and liquid ammonia are heated

at 76-80® for 90 hours, 28-33% of didodecylamine is obtained.**®

Only 36% of the halide reacts after 170 hours at 46®, but higher-

temperatures materially increase the reaction rate. A subsequent

investigation **^ has shown that although this method is satisfac-

tory for the preparation of certain high molecular weight primary

amines, it is not applicable for amines which contain twenty or

more carbon atoms because of the insolubility of the higher alkyl

halides in liquid ammonia. Such halides, however, are quite solu-

ble in anhydrous amines such as methylamine, dimethylamine, and

similar compounds, and the method is therefore satisfactory for

the S3mthesis of secondary or tertiary amines which contain one

long-chain alkyl group. For example, docosylamine is obtainable

only in traces, but N,N-dimethyldocosylamine can be prepared

in quantitative yields. A study *** of the amination of alkyl

halides by sodium amide in liquid ammonia showed that the prod-

ucts consist of primary, secondary, and tertiary amines together

with olefins. The yield of primary amines increases with increase

in molecular weight for the lower members, the highest 3deld

(74%) being obtained from 1-bromohexane. The alkyl chlorides

are not so reactive imder these conditions as the bromides and show
a greater amount of olefin formation. Amination takes place only

with those compounds which contain primary halogens, the action

of liquid ammonia on 2-bromopentane and 2-bromo-2-methyl-

butane yielding only olefins. The addition of water was observed

to increase the amount of secondary amines formed in all cases.

The reaction of 1-chloroalkanes with liquid ammonia and the

lower amines has been extensively studied by Westphal and Jer-

chel,**® who observed that smooth reactions are obtained by the

use of liquid ammonia-ethanol mixtures. Under such conditions

the main product is the secondary amine, the yield of primary



PREPARATION OF AMINES 641

amine increasing and that of tertiary amine decreasing with in-

creasing chain length. 1-Chlorodctane under these conditions

yields 11% of primary and 22% of tertiary amine, whereas 1-

chlorohexadecane gives 24% of primary and no tertiaiy amine.

The yield of didodecylamine from 1-chlorododecane was reported

to be 80-85%. The secondary alkylamines are obtained exclu-

sively when 1-chlorooctane and its higher homologs are treated

with methylamine. The 1-chloroalkanes form tertiary amines

readily by reaction with secondary amines such as dimethyl- or

diethylamine. For example, an 86% yield of N,N-diethyldode^l-

amine is obtained from 1-chlorododecane and diethylamine. Sec-

ondary amines such as dibenzylamine give high yields of tertiary

amines when treated with the 1-chloroalkanes. Tertiary amines

such as trimethylamine act slowly with the 1-chloroalkanes to

give quatemaiy ammonium salts, the preparation of which is dis-

cussed later in this chapter.

The action of ammonia or alkylamines on the aliphatic alcohols

is commonly employed for the preparation of the lower molecular

weight amines, and it has received considerable attention as a

method for the synthesis of the higher amines. That the reaction

is not simply one of dehydration, but one mvolving the formation

of chemical intermediates, has been indicated by the several studies

made upon its mechanism. The preparation of aliphatic amines

from alcohols is not new, since it was first proposed by Berthelot

almost a hundred years ago. This investigation, which involved

the reaction of ammonium chloride with methanol, was later re-

peated by Weith,^^ who reported the formation of only small

amounts of primary, secondary, and tertiary amines. The prepa-

ration of the aliphatic amines up to and including octylamine was

accomplished in 1884 by heating alcohols in a sealed tube with an

excess of ammonium zinc chloride.*”

Interest in the preparation of amines from alcohols was revived

by the investigations of Sabatier upon contact catalysts, and it

was observed that amines are the chief products formed when
alcohols and ammonia are passed simultaneously over dehydrating

catalysts at elevated temperatures. Sabatier and Mailhe ob-

tained dimethylamine together with a little trimethylamine when
methanol and ammonia were passed over thorium dioxide at 300-

350®. It had previously been shown that primary amines are

formed when alcohols and ammonia are passed over tungstic oxide

at 360®. This investigation indicated that amine formation can
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be accomplished at temperatures below those at which excessive

dehydration of the alcohols to olefins is encountered.

Mono-, di-, and triethylamines together with ethylene and

diethyl ether are obtained when ethanol and ammonia are passed

over aluminum oxide at 330-350^, this temperature having been

stated to be optimum for amine formation from these materials.

Somewhat later, Dorrell found that 300^ is an optimum tem-

perature for such reactions. The alkylation of ammonia in the

presence of various catalysts has been studied by Brown and

Reid,*^ who reported silica gel to be the most effective and blue

tungstic oxide the least effective of the catalysts investigated.

The preparation of hexadecylamine and octadecylamine from the

corresponding alcohols by reaction with ammonia under high

pressure in the presence of thorium dioxide has been accom-

plished,*^^ it being stated that maximum 3rields of the amines are

obtained at 380®. A study of the preparation of high molecular

weight amines from alcohols and ammonia at atmospheric pressure

showed that the conversion of 1-dodecanol at 300® yields 6.6%
dodecylamine, 5.5% didodecylamine, and less than 0.5% trido-

decylamine when silica gel is used as the catalyst. At 350® imder

the same conditions substantially higher yields are obtained: 7.5%
dodecyl-, 23.5% didodecyl-, and 8.0% tridodecylamine. 1-Octa-

decanol and ammonia at 360® give 54% of a mixture of primary,

secondary, and tertiary amines. A 36% conversion of oleyl

alcohol is obtained at 350® in the presence of aluminum oxide. In

an earlier patent *“ it was claimed that by employing a high ratio

of alcohol to ammonia, secondary amines are preferentially formed.

Covert has described the preparation of a series of hexadecyl-

amines by the action of ammonia or amines on dicapryl alcohol.

The use of metallic hydrogenation catalysts to increase the relative

proportions of primary amines has been suggested,*®'*** and it

has also been stated **^ tliat primary amine formation is favored if

aluminum oxide catalysts, coated with metallic oxides such as

chromium or nickel oxide, are employed. The preparation of high

molecular weight secondaiy and tertiary amines has been accom-

plished by treating alcohols with low molecular wei^t amines

under high pressure in the presence of dehydrating catalysts.***^***

The application of high pressures materially increases the rate of

alkylation of ammonia by high molecular weight alcohols.*® The
preparation of high molecular wei^t tertiary amines by the action

of the lower secondary amines on substances which reduce to
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alcohols has been disclosed, the reaction being accomplished in the

presence of hydrogen and hydrogenating catalysts.’^ The use of

oxides or salts of iron or copper for promoting the reaction of am-
monia or amines with high molecular weight alcohols has been

proposed.”®

The formation of secondary and tertiary amines by the action of

alcohols with primary and secondary amines in the presence of

dehydrogenating catalysts has been studied by Adkins and asso-

ciates *®®* ®®^' ®®®’ and also by Kindler,*®* and in 1939 Schwoegler

and Adkins published the results of their studies upon the

mechanism of amine formation by this reaction. Since tertiary

alcohols do not react under such conditions, it was assumed that

the alcohol is initially dehydrogenated to an aldehyde or a ketone,

which then reacts with the amine to yield a product which is

readily hydrogenated to the higher amine, the reactions involved

being as follows:

(I) R4CHOH R2CO + H*

RsCO + R'NHa
yOK

yOH
R2C< + RtCHNHR' -h H*0

^NHR'

The optimum conditions for the preparation of a number of

amines by this procedure were ascertained by these authors. That
aldehydes and ketones may be intermediates in this synthesis is

shown by the observation of Mignonac ®®® that the hydrogenation

of ammoniacal solutions of aldehydes or ketones yields amines,

and also by the observation that high yields of amines can be ob-

tained by the hydrogenation of aldehyde-ammonia complexes in

organic solvents.®*^ The preparation of primary amines by passing

the vapors of aldehydes mixed with ammonia and hydrogen over

hydrogenating catalysts has been patented,*®® and various pro-

cedures have been disclosed whereby aldehydes and ketones may
be converted into amines by hydrogenating processes in the pres-

ence of ammonia.*®®'^’"^*^ It has been claimed that high molec-

ular weight amines are formed by the action of ammonia imder

pressure on high molecular weight esters in the presence of hydro-

gen and a hydrogenating catalyst, an example being the prepara-

tion of octadecyl- and dioctadecylamines*by the action of hydro-

gen and ammonia on ethyl stearate.”*
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The formation of amines by the reduction of aldoximes, ketox-

imes, and related compounds has occupied the attention of a

number of investigators.^ It was shown by Gold-

schmidt,^ for example, that high 3delds of heptylamine can be

obtained by the reduction of enanthaldoxime, and Krafft showed

that tetradecylamine results from the reduction of myristaldoxime.

In 1923, V. Braun and coworkers suggested that primary amines

are the initial product of the catalytic hydrogenation of aldoximes

and that the resulting secondary amines are formed by a subse-

quent reaction involving the primary amines and the aldimines or

ketimines as follows:

(I) RCH=NOH RCH=NH ^ RCHiNH*
’ -NH| Hi

(II) RCH2NH2 + RCH=NH > RCH=NCH2R -A (RCH2)2NH

The catalytic hydrogenation of a number of oximes under high

pressure has been accomplished by Winans and Adkins,®*" who
have obtained 62% of pentylamine and 27% of dipentylamine by

the hydrogenation of valeraldoxime, and 61% of heptylamine and

20% of diheptylamine by the hydrogenation of heptaldoxime. The
preparation of heptylamine by the reduction of heptaldoxime with

sodium and ethanol has been described in detail."® Paul "® has

stated that in the presence of metallic nickel the aldoximes are

hydrogenated to a mixture of primary and secondaiy amines;

however, the ketoximes are rapidly reduced to the corresponding

primary amines. Hydrogenation of oximes has been stated to

result in high yields of primary amines if the hydrogenation is con-

ducted under high partial pressures of ammonia in the presence of

catalysts such as tungstic oxide, tungstic sulfide, or nickel tung-

state."*

The formation of amines by the action of bromine in alkaline

solution on the amides has been discussed previously in this chap-

ter. Although this method has been extensively investigated, the

occurrence of side reactions, chiefly nitrile formation, with the

higher molecular weight compounds precludes the use of this

method as an acceptable procedure for the preparation of the higher

molecular weight amines.

The reduction of nitriles by either chemical or catalytic means is

the procedure most frequently employed for the preparation of the

high molecular weight primary and secondary amines, and such

methods have been shown to be satisfactory for both laboratory
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and commercial pr^aration of the long-<;hain amines. The reduc-

tion of nitriles may be accomplished either by the use of nascent

hydrogen under acidic or alkaline conditions or by catal3rtic hydro-

genation procedures. The higher molecular weight nitriles were

first reduced to amines by the use of metallic sodium and alcohol,

the reaction yielding nearly quantitative amounts of primary

amines. These are generally isolated as their salts, such as the

hydrochlorides, from which the free amines are obtained by treat-

ment with alkali hydroxides.

The fact that the nitriles combine with four atoms of hydrogen

to form primary amines was discovered in 1862 by Mendius,"® and

since then, several investigators have contributed to our knowledge

of this reaction. Among the first to apply such procedures to the

preparation of the higher amines were Krafft and Moye,^^® who
prepared hexadecylamine by the reduction of palmitonitrile with

sodium in ethanol. The amine was isolated as the hydrochloride

and analyzed as the double salt of its hydrochloride and platimun

chloride, (Ci6H33NH2HCl)2PtCl4. Treatment of the hydro-

chloride with potassium hydroxide produced the free amine. A
secondary amine, N-ethylhexadecylamine, was obtained by treat-

ment of the hexadecylamine with ethyl iodide followed by libera-

tion of the free amine by the use of potassium hydroxide. The
tertiary amine, N,N-diethylhexadecylaniine was obtained by the

action of 1-iodohexadecane and diethylamine. The preparation

of dodecylamine and tetradecylamine by reduction of the respec-

tive nitriles was later described by Krafft,"® and the reduction of

enanthonitrile to heptylamine by sodium and ethanol was re-

ported several years later.^^^ The various steps in the conversion

of palmitic acid to hexadecylamine have been published in detail

by Teunissen.®^* Although the reduction of nitriles to amines by
the use of sodium and alcohol offers a feasible method for their

preparation, the large excess of sodium required to effect the reduc-

tion together with the fact that the reaction mixtures become ex-

tremely viscous has retarded the commercial adaptation of such

procedures. A method developed by Harwood,"® in which the

sodium is initially dispersed in toluene, has been shown to reduce

greatly the amount of sodium required and to offer a quite satis-

factory procedure for both the laboratory and the commercial

reduction of the long-chain nitriles. This method results in almost

theoretical yields of the primary amines and is especially useful

for the preparation of the unsaturated amines, such as octadecenyl-
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amine from oleonitrile. The preparation of dodecylamine from

lauronitrile by this modified method proceeds as follows:

Twenty grams of sodium are suspended in 300 g. of toluene. The
suspension is heated to boiling under a reflux and 36 g. of lauronitrile

mixed with 65 g. of 1-butanol and 300 g. of toluene are slowly added.

The reaction mixture is then heated for one-half hour at 60° with

stirring, after which time it assumes a jelly-like consistency. After

completion of the reaction, 300 g. of water are added in order to react

with the excess sodium and to decompose the alcoholate. Two layers

are formed and the aqueous layer is discarded. The other layer is then

acidified and the 1-butanol and toluene removed by distiUation. The
amine is then obtained by making the mixture alkaline and distilling.

Octadecylamine is prepared from stearonitrile by substantially the

same procedure.

Any alcohol may be employed; however, the use of butanol has

been found to give satisfactory results. It has subsequently been

found that the acidification step is not necessary and that the amine

may be obtained directly by distillation of the reaction mixture

after the addition of water and removal of the aqueous layer. The
reduction of the dinitriles to diamines has been studied by Laden-

burg,^ and the preparation of 1,9-diaminononane by reduction of

the corresponding dinitrile has been described in detail.

The reduction of nitriles by acidic methods has been proposed

for the preparation of the lower molecular weight amines, an ex-

ample being the reduction of butyronitrile to butylamine by the

use of zinc and sulfuric acid.^^ Such methods have, to the author's

knowledge, not been employed for the synthesis of the higher

molecular weight aliphatic amines.

The catalytic hydrogenation of nitriles to amines has been an

interesting subject since the initial work of Sabatier upon catalytic

hydrogenations. Such hydrogenations are generally conducted in

the liquid phase in the presence of metallic nickel under moderate

hydrogen pressures. The products consist of primary and second-

ary amines, the relative amounts of these products being quite

dependent upon the conditions employed for the hydrogenation.

Many of the procedures yield high percentages of secondary

amines; in fact, Rupe and Glenz^ have reported that althou^
the reduction of capronitrile by means of sodium and ethanol

yields hexylamine the product of the catalytic hydrogenation of

capronitrile conrists essentially of dihexylamine. The mechanism
of the formation of secondary amines during the hydrogenation of
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nitriles has been studied by Adkins and associates. Secondary

amines may result from the loss of a molecule of ammonia from

two molecules of primaiy amine, thus:

2RNHj R4NH + NHg

This reaction may take place in either the presence or the

absence of catalysts, and since prolonged heating partially converts

primary amines to secondary amines, heat imdoubtedly plays a

part in secondary amine formation during catalytic hydrogenation.

Secondary amines may result directly from catalytic hydrogena-

tions by the reaction of one molecule of imine with one of primary

amine, the former being postulated as an intermediate in the hydro-

genation. The reactions involved are as follows:

(I)

(II)

(HI)

RCN -f H2 RCH=NH
H

RCH=NH + RCHjNH* — R^NH*

HllcH*R
H

R^NH* + Hj - RCHsNHCH2R + NH3

HllcHjR

Another possible explanation for the presence of secondary

amines in the hydrogenation products involves the formation of a

complex between one molecule of primary amine and one of nitrile,

to form a compound which loses ammonia upon hydrogenation and
is converted to a secondary amine as follows:

(I)

(II)

RCN + RCH2NH2 R—C=NH
H—N—CH2R

R—C=NH
I

+ 2H2 — RCH2NHCH2R -f NHa
H—N—CH2R

In all the above reactions it is observed that ammonia is one of

the products of secondary amine formation, and it is logical to

assume that if the hydrogenation is conducted in the presence of

high partial pressures of ammonia, secondary amine formation

will be minimized. It has been shown that hydrogenation of

butyronitrile and capronitrile in the presence of ammonia at 126®,

with a Raney nickel catalyst, yields 90-95% of the respective

primary amines with less than 5% of the secondary amines. The
preparation of high molecular weight amines by the liquid-phase
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hydrogeziation of nitriles under high partial pressures of ammonia
or of non-aromatic amines has been described in several pat-

ents.^ The use of catalysts containing cobalt has been sug-

gested,^®*^ and it has also been proposed®®* to conduct such

hydrogenations in the presence of oxide or sulfide catalysts, such

as the oxides or sulfides of tungsten or molybdenum. It has been

observed ®** that a substantial increase in the proportion of primary

to secondary amines formed durii^g the hydrogenation of nitriles

will result if the hydrogenation is conducted in the presence of

several per cent of water and a small amount of an alkaline-

reacting substance such as sodium hydroxide. If the hydrogena-

tion is conducted at temperatures between 200° and 250°, with a

continuous or intermittent venting of the gaseous phase, secondary

amine formation is greatly favored.®*® The type of catalyst em-

ployed materially influences the ratio of primary to secondary

amines obtained during hydrogenation, catalysts such as nickel

formate, acetate, or oxalate favoring secondary amine formation.®*^

Details of the procedures employed for the preparation of primary

amines by the catalytic hydrogenation of nitriles have been pub-

lished by several investigators.®®*- ®*®'®®*'®®® The preparation of

secondary amines by heating the respective primary amines for

5-6 hours at 200° in the presence of Raney nickel catalyst has been

described,®*® as has also the synthesis of tertiary amines by heating

the secondary amines with the appropriate haloalkane followed by
liberation of the amines.®*®

The catalytic hydrogenation of dinitriles to diamines has been

the subject of a number of patents. Howk ®*^ has described the

preparation of several diamines, such as octamethylenediamine and

decamethylenediamine, by the liquid-phase hydrogenation of the

corresponding dinitriles with hydrogen and ammonia under high

pressures in the presence of nickel catalysts. It was later stated ®**

that cobalt catalysts are superior to nickel catalysts, since the

former yield smaller amounts of imines and secondary amines.

The vapor-phase hydrogenation of adiponitrile results in substan-

tial yields of hexamethylenimine together with hexamethylene-

diamine and other products. ®*® Vapor-phase hydrogenation of

dinitriles with a mixture of hydrogen and ammonia has been

patented,®®® as has also a process whereby the dinitriles are hydro-

genated in the presence of low molecular weight primary amines.®®^

Primaiy and secondary amines result from the catalytic hydro-
nf flmides. For example, Sabatier and Mailhe ®®® obtained
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propylamine by hydrogenation of propionamide in the presence

of nickel at 230° or of copper at 260-280°. The hydrogenation of

laiframide and enanthamide under 250 atmospheres of hydrogen

at 176-250° in the presence of a copper-chromium oxide catalyst

yields 40-70% of primary amines and 25-50% of secondary

amines.^^^ It has also been reported that high yields of amines

are obtained by the hydrogenation of ammonium laurate imder

similar conditions. The high-pressure hydrogenation of amides

in the presence of oxide catalysts and solvents such as dioxane has

been described.^**^ Lauramide, when subjected to high-pressure

hydrogenation in the presence of nickel catalysts at temperatures

between 200°and 280°, yields both dodecyl- and didodecylamines.^®

Since the hydrogenation of amides to amines has been discussed

previously the reader is referred to this earlier description of such

processes for further details.

The reduction of the low molecular weight nitroparaffins 3n[elds

primary amines; however, such reactions have not been attempted

for the s3nithesis of the higher molecular weight amines. Ziiblin ^
obtained butylamine by reduction of 1-nitrobutane with zinc and

hydrochloric acid, and Worstall^’' has prepared hexylamine by
reducing 1-nitrohexane with iron and acetic acid. Heptylamine,

octylamine,^* and nonylamine have been obtained by a similar

procedure.

Although the above-described processes constitute the most im-

portant procedures proposed for the preparation of the high molec-

ular weight amines, there are worthy of mention a number of

methods which are quite satisfactory for the synthesis of certain

types of amines. Mixed secondary amines containing both an

aryl group and a long-chain alkyl group are prepared by the decar-

boxylation of 2-substituted fatty acids, an example being the

decarboxylation of 2-anilino acids to form N-phenylalkylamines.

The slow distillation of 2-anilinostearic acid yields N-phenylhepta-

decylamine,^® and N-phenylpentadecylamine and N-phenyltri-

decylamine can be prepared similarly from 2-anilinopalmitic and
2-anilinomyristic acids, respectively. The decarboxylation of 2-

anilinostearic acid is conveniently accomplished in the presence of

an inert diluent such as paraffin, the resulting amine being re-

covered by diluting the reaction mixture with ether and extracting

with dilute hydrochloric acid.^*°»^“ Buck and Baltzly^*® have
described a process whereby primary amines may be converted to

secondary amines with a minimum of side reactions. In this pro-
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oedure the primary amine is condensed with benzaldehyde to

yield a Schiff’s base which is then catalyticaily reduced to the

corresponding N-benzylalkylamine. The addition of a haloalkAne

yields the hydrohalide of a N-benzyldialkylamine, the free amine

from which is catal3rtically reduced to a secondary amine. The
reactions are as follows:

Hs R'X
CaHfiCHO + H,NR C6H5CH==NR CeHfiCHsNHR >

NaOH H2
CeHfiCHtNRR'HX > CeHsCHjNRR' -4 RR'NH + CtjHsCHj

Primary and secondary amines may easily be methylated to ter-

tiaiy amines by treatment with formaldehyde and formic acid/®*

the reactions being represented as follows:

RiNH + CHtO + HCO2H — R2NCH8 + CO2 + H2O

Such reactions are quite applicable to high molecular weight

amines*, and the methylation of a number of high molecular

weight primary and secondary amines by this procedure has re-

cently been described.^®®

The action of ammonia at high pressure in the presence of de-

h'^drating catalysts has been stated ®®® to be effective in converting

either secondary or tertiary amines to primary amines. It has

been observed ^®® that catalysts such as manganese oxide promote

primary amine formation from the lower molecular weight second-

ary and tertiary amines. The utility of this process for the

preparation of the high molecular weight primary amines is some-

what questionable.

Physical Constants of the Aliphatic Amines and Their Salts

The Primary Amines

The lower molecular weight, saturated aliphatic amines are

liquids at ordinary temperatures, and their higher homologs are

low-melting solids. Since the primary amines react readily with

carbon dioxide, great care must be exercised in the determination

of their physical constants and in the evaluation of their physical

behavior. The primary amines react readily with acids to form

salts, most of which are appreciably soluble in water. In solution,

such salts function as cationic electrolytes, the long hydrocarbon

chain being in the positive or cationic portion of the molecule, as

distinguished from the soaps, alkyl sulfates and sulfonates, and
the usual coUoidal electrolytes. In the following discussion of the
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ph3rBicaI properties of amines and their salts, it is hoped to leave

the reader not only with a general knowledge of their physical

properties but also with an appreciation of the interesting surface

active properties exhibited by solutions of cationic electrolytes.

The studies which have been and will be made upon the behavior

of solutions of cationic electrolytes can contribute many funda-

TABLE IX

Freezing Points of Primary Amines and Their Acetates

No. of C Freezing Points, ®C.

Atoms Amine Acetate

10 16 11

12 28 32 68.5-69.5

13 66.0-67.5

14 38.19 74.5-76 0

15 75 0-76.5

16 46.77 80 0-81.5

17 81 5-82 5

18 53 06 84.0-85.0

22 67 • • • •

* Denotes melting point.

mental facts to our general knowledge of surface acti^dty and

solution phenomena.

The freezing points of the higher molecular weight amines

and their acetates are shown in Table IX.

The boiling points of the n-alkyl primary amines at pressures

varying from 1 mm. to 760 mm. have recently been reported

(Table X).

TABLE X
Boiling Points of r-Alkyl Primary Amines

No. of ^C. at Follo^ini; PresRurpM in Millimeters

C
Atoms 1 2 4 8 16 32 64 128 256 512 760

6 47 7 62 5 79 1 98 1 119 4 132 7

7 , 53 8 67 3 81 8 99 8 119 7 143 4 156.9

8 35 2 46 6 58 9 72 1 86 6 102.8 121 1 141 5 164 9 179.6

9 51 5 62 9 75 6 89 4 104 8 122 2 141 2 162.8 187 3 202 2

10 56 3 66,.9 78 4 91 2 105 6 121 4 138 8 158 3 180 2 204 9 220 5

11 60.0 80 3 91 9 105 1 120 0 136 7 155 3 175 7 198 4 224 9 241.6

12 81 4 93 5 106 3 120 5 135 2 152 3 171.2 191 8 214 9 242 1 250.1

18 97 0 108 0 120 8 134 0 150 6 167 8 186 7 207 4 230 9 258 2 275.7

14 109.2 120 9 133 6 147 8 163 4 181 4 201.1 222,.9 246 6 274..2 291 2

15 120 5 132 3 145 5 160..1 176 3 194 6 214 5 236 9 261 7 289 7 307 6

16 131 8 143 0 157 6 172 7 189 4 207 9 228 2 250 7 275 8 304 6 322.5

17 143 2 155 0 168 6 183 9 200 6 219 3 289.7 262 3 288.1 317..6 335.9

18 153.2 166. 1 180 0 105. 5 212 3 232 0 .

.

. . .

.

.

.

348.8
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The values coutaiiied in Table X are thou^t to be not mote
than 2° fnan the true boiling points and most of them to be con-

siderably within this range. The hi^er amines undergo some de-

oompoedtion when distOled at atmospheric pressure. Figure 11

diows the vapor-pressure curves of the normal primary amines.'***

The recorded bmUng points of the n-alkyl primary amines show

Fig 11 Vapor pressures of n^lkyl amines.

that they can easily be separated by means of an efficient fraction-

ating colmnn.

The acetates and hydrochlorides are the best known of the high

molecular weight amine salts. Both the acetates and the hydro-

chlorides of the primary aliphatic amines are solids. The melting

points which have been reported for the latter are, in many in-

stances, so high that it is believed they represent decomposition

points rather than true melting points. The fatty acid salts of octa-

decylamine, excluding the formate, decrease in melting point to

octadecylammonium caproate, after which they show a substantial

increase. The following melting points have been reported • for

the fatty acid salts of octadecylamine: formate, 78.5-79.6°; ace-

tate, 84.5-85°; propionate, 78.5-79°; butyrate, 71-71.5°; valerate,

60-61°; caproate, 55-66°; capiylate, 67.5-68°; caprate, 62-62.5°;

laurate, 68-69°; myristate, 78-78.6°; palmitate, 85-85.5°; stearate,
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89.5-90.9°. Tlie corresponding salts of dodec^lamine melt at lower

temperatures; for example: acetate, 67-68°; propionate, 66-57°;

myristate, 72.6-73°; palmitate, 72-73°; and stearate, 69-70°.

A degree of caution must be exercised in reporting the physical

constants and behavior of aliphatic compounds, since, as previ-

ously pointed out, polymorphism and inapparent structural differ-

ences must be carefully considered in any discussion of such proper-

ties. Although the melting points reported in the literature for

aliphatic compounds generally refer to stable forms of proved

composition, recent work has shown that this is not always true.

Studies on the amines and their salts have shown that polymor-

phism exerts a very dominant influence, and in many instances a

series of salts may be formed between an amine and an acid. Re-

cently, Davidson, Sisler, and Stoenner,^®* in an investigation of the

acetic acid-ammonia system, showed the existence of five solid

compounds. The system octadecylamine-acetic acid exhibits

two compounds, C18H37NH2 *110211302 and Ci8H37NH2*2HC2"
H3O2 ,

each of which exists in three polymorphic modifications. It

thus appears that the ability of the amines to form salts decreases

with increasing molecular weight of the amine. This is in agree-

ment with the observation ^ that the degree of hydration of octa-

decylamine is less than that of dodecyl- or octylamine, since

octadecylamine forms a mono- and a dihydrate whereas dodecyl-

amine forms a tetrahydrate and octylamine a hexahydrate. The
system octadecylamine-acetic acid is shown in Fig. 12.

This figure shows the formation of two stable compoimds

(C18H37NH2 •HC2H3O2 and C18H37NH2 • 2HC2H3O2). The former
melts at 84.4°, whereas the latter decomposes at 60.8° and forms a

meritectic system at B with a submerged maximum at C. The
compound Ci8H37NH2

* 2HC2H302 and acetic acid form a eutectic

at 14.2° which contains 96.6 mole per cent of acetic acid. Octar

decylamine and the monoacetate form a monotectic system. The
diacetate shows three modifications: a stable form and two meta-

stable forms indicated by the curves DBF and GH. The mono-
acetate also shows a stable form and the two metastable forms

indicated by the curves JK and LM, Transformations of the

unstable form of the monoacetate to the stable form between 1 and

57 mole per cent of acetic acid are so rapid that equilibrium tem-

peratures were not observed.

The free amines form a series of hydrates, the degree of hydra-

tion and the stability of the hydrates decreasing with increasing
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mdecular weight of the amines. Bidet ^ first recognized the fact

that the aliphatic amines form stable hydrates and succeeded in

isolating several cr3rstalline hydrates of hexyl- and isohexylamine.

Phase diagrams for the systems octylamine-water, dodecylamine-

water, and octadecylamine-water have been established,^ it being

observed that all the s3rstems are qualitatively similar, the degree

of hydration decreasing with increasing molecular weight. The
lower amines and their hydrates are niore soluble in water than

the hydrates of the higher amines. Of the three systems, octyl-

amine-water is the only one in which there is an isotropic region

extending over the entire range of concentration. The hydrates

of the higher amines pass through one or more mesomorphic states

before their melting or decomposition temperatures are reached.

The system dodecylamine-water shown in Fig. 13 illustrates the

behavior of the higher amines in water, the comments of the

authors upon this system being as follows:

... On this diagram A represents the freezing point of dodecyl-

amine (28.0®). Area 1 is isotropic solution. Three hydrates are formed,

one having a composition of (Ci2H26NH2)8
* 2H20 ,

another C12H26-

NH2 • 2H2O and the third C12H26NH2 • 4H2O. The lowest hydrate exists

as a crystalline solid below 24.4® (F), while above this temperature it

breaks down to a mixture of higher hydrate and solution. The di-

hydrate exists as crystalline solid below 15.4® (H), while between this

temperature and 35.5® it exists as a smectic type of liquid crystal. At
35.5® the mesomorphic hydrate begins to liquefy, while at 36.5® (C)

this mixture of hydrate and solution changes to isotropic solution. The
dodecylamine tetrahydrate exists as crystalline solid below 14.0® (F),

while above this temperature it exists as a smectic type of liquid crystal,

changing to a form of the nematic type at 34.2® (P) and to another form

of the latter type at 38.0® (0). At 48.0® (Af) the tetrahydrate decom-

poses.

The equilibrium between dodecylamine and its dihydrate is similar

to that between octylamine and its hexahydrate. Dodecylamine precip-

itates out of the isotropic solution (area 1) along AB, while the di-

hydrate freezes out along BC, giving a eutectic at B. Thus areas 2

and 3 consist of two phase mixtures, solid amine and solution, and
solid dihydrate and solution, respectively. Below EBF (area 4) the

(system consists of a heterogeneous mixture of crystals of dodecylamine

and its dihydrate.

Area 5 of this diagram is similar to area 5 of the octylamine-water

system. Again the solid solution consists of a microscopically homo-
geneous mesomorphic mixture of amine and amine hydrate. As
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MOLE % OCTAOECYLAMINE

Fig. 12. The system* octadecylamine-acetic acid.

MOLE % WATER

Fig. 13. The system: dodecylamine-water.
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samples in this area are cooled, the lower hydrate precipitates out

along FG and dihydrate freezes out along GH, giving a eutectoid at G.

Below JGK (area 6) the system consists of a heterogeneous mixture of

crystals of the two hydrates.

As the isotropic solution above CL is cooled, dodecylamine tetra-

hydrate freezes out, giving a two phase mixture of solid hydrate and

solution in area 7. Below NM this mixture changes to a solid solution

similar to that in area 5, while along NO the tetrahydrate transforms to

another mesomorphic form giving a two phase mixture (area 9). On
cooling this mixture, solid solution (area 5) is obtained.

Along HQ crystalline dodecylamine dihydrate freezes from the

solid solution, while crystalline tetrahydrate appears along QR, giving

a eutectoid at Q. Below SQT (area 10) the intern consists of a mixture

of these crystalline hydrates.

Beyond 0.8 mole fraction of water (MOPRTU)^ the figure shows

the practically independent behavior of the various forms of dodecyl-

amine tetrahydrate and of water. Measurements of the freezing point

of water (along UZ) indicated that the eutectic between the tetrahydrate

and water lies in the neighborhood of 0.99995 mole fraction of water.

Hence, the isothermals (LilfF, OTF, PX, RY and UZ) intersect a curve

(VWXYZ) representing the solubility of dodecylamine tetrahydrate in

water. . . . Thus, beyond 0.99995 mole fraction of water above Z to

0.0^, the system exists as isotropic solution.

In the part of the diagram between Z'LMOPRTU and VWXYZ
in the temperature range investigated the system exists in all regions as

two phases. In areas 11, 12 and 13 one of the phases is solution, and

the other is the appropriate mesomorphic form of tetrahydrate {vide

supra). In area 14 one of the phases is crystalline tetrahydrate, and

the other is solution. In area 15 one phase is crystalline tetrahydrate,

and the other is ice. Above LMV the system exists as two conjugate

solutions. . . . The lines LMV, OW, PX and RY are isothermals.

Their depression with increasing concentration is well within the exper-

imental accuracy of their measurement.

The portion of the diagram m the neighborhood of area 12 is a

region of formation of a fibrous, curd-like solid of hydrated amine.

This is a metastable compound which is frequently obtained on cooling

the two phase mixture of mesomorphic tetrahydrate and solution,

and is never obtained on heating the system. ... If samples in

which this metastable product is obtained are held at room temperature,

transformation to the smectic form of the tetrahydrate and solution

takes place slowly. The metastable compound, in some cases, has

remained for several months.

The systems formed by octylamine and water and by octadecyl-

amine and water are quite similar to that described above, with
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the exception that octylamine forms two hydrates, (C8Hi7NH2)2-

-3H2O and C8Hi7NH2*6H20, and octadecylamine forms (C18H37-

NH2)3 H20 and Ci8H37NH2 -2H20.
The solubilities of decylamine, dodecylamine, tetradec^lamine,

hexadecylamine, and octadecylamine in fourteen oi^anic solvents

have recently been determined/^ The amines do not exhibit the

TABLE XI

Solubilities of Primary Amineb in Acetone

Grains per 100 g. Acetone

No. of C
Atoms

10

-20.0*’ 0.0® 20.0® 30.0® 40.0® 50.0®

6.6 54 00 00 00 00

12 0 3 8.1 226 00 00 00

14 0 1 15.5 228 00 00

16 0 1 4.7 445 00

18 0.1

TABLE XII

3.7 17.0

Solubilities of Primary Amines in 95% Ethanol

No.

of C
Atoms

10

Grams per 100 g. 95% Ethanol

-40.0® -20.0® 0 0® 20.0® 30 0® 40 0® 50.0®

8 5 9 1 350 00 00 00 00

12 2 0 14 1 115 660 00 00 00

14 1 5 30 2 218 660 00 00

16 . 3.0 83 239 770 00

18 0.1 7.2 75 280 1630

marked correlation between solubility and polarity of solvent

which is shown by other aliphatic compounds. They form eutectics

with the non-polar solvents benzene, cyclohexane, and tetrachloro-

methane. The solubilities of the amines in benzene are shown in

Fig. 14. The amines are more soluble in chloroform than in ethyl

ether, ethyl acetate, or butyl acetate. Although they are appre-

ciably soluble in alcohols (methanol, ethanol, 2-propanol, 1-butan-

ol), they are less soluble in these solvents than in chloroform. They
are more soluble in 2-butanone than in acetone, and the higher

members possess limited solubilities in acetonitrile. The solubili-

ties of the amines in acetone and in 95% ethanol are i^own in

Tables XI and XII.
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The behavior of the salts of the high molecular weight amines

in water typifies that of cationic electrolytes. In a study of their

behavior, phase diagrams are of importance for defining generally

the nature of the system over the entire concentration range.

However, in view of the colloidal nature of such solutions, these

diagrams tell us little concerning the actual physical state of the

substances in solution. On the other hand, a study of the osmotic

and electrical properties of these solutions has given us many data

from which to formulate theories relative to actual structures.

The systems dodecylammonium chloride-water and octadecyl-

ammonium chloride-water have been studied in some detail,^ the

salts functioning as typical colloidal electrolytes. The former

system exhibits both a stable and a metastable form, whereas in

the latter only one form is observed. The behavior of the acetates

of dodecylamine and octadecylamine was subsequently studied,"®

and later Hoerr and Ralston"* reported complete data for the

system dodecylammonium acetate-water. This system is shown

in Fig. 15, and the description of the system as given by these

authors is as follows:

... A represents the freezing point of dodecylammonium acetate

(69.3^) and K that of water. Area 1 is clear, isotropic solution. Two
hydrates are found, a tetrahydrate (m.p. 129.0®) and an eicosahydrate

(m.p. 86.0®).

The eutectic between dodecylammonium acetate and its tetra-

hydrate is represented by B, Areas 2 and 3 are two phase mixtures.

Area 5 is a region of microscopically homogeneous material in a meso-

morphic state. This region is analogous to the solid solutions of metallic

systems and is physically identical with the corresponding phases of

the amine-water systems. . . . Area 4 consists of a mixture of acetate

crystals and the solid solution phase of concentration on curve EN, A
eutectoid between the acetate and water is represented by N, Area 6

consists of a mixture of crystals of these components. F represents a

eutectic between the tetrahydrate and the eicosahydrate. After passing

through a narrow two phase region upon cooling, samples containing

mixtures of these two hydrates become physically identical with other

samples in area 5. J represents a eutectic between the eicosahydrate

and water.

Dodecylammonium formate and propionate show a behavior in

water quite similar to that exhibited by the acetate. The formate

forms an eicosahydrate (m.p. 99.6°), and the propionate two hy-

drates, a tetrahydrate (m.p. 77.0°) and a triacontahydrate (m.p.
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24.8°). The butyrate also forms a system quite similar to that of

the acetate, whereas the dodecylammonium bromide-, iodide-,

and pho^hate-water systems resemble that observed for dodecyl-

ammonium chloride-water.

Studies of the osmotic and electrical behaviors of the aqueous

solutions of amine salts have greatly advanced our knowledge of

cationic electrolytes. Although it is not possible to treat this

subject in detail in this present writing, certain aspects of it should

certainly be considered.* Solutions of colloidal electrolytes are

materially better conductors of electricity than would be predicted

on the basis of their viscosity or osmotic effects. Thus, higher

Values for the ionic concentrations will be obtained if the calcula-

tions are based upon conductivity values rather than upon freezing-

point lowering or other osmotic effects. In 1913, McBain postu-

lated that this high conductivity is due to the formation of asso-

ciated ions or micelles, and showed by an application of Stokes’

law that such ions would possess conductivities much in excess of

single ions, thereby resulting in a disproportionation between ordi-

nary osmotic effects and conductivity effects. When the equivalent

conductances of aqueous solutions of the high molecular weight

amine salts are plotted against concentration, the conductivity

first decreases linearly with increase in concentration, the behavior

being similar to that of ordinary strong electrolytes. At a certain

critical concentration, however, the curve falls abruptly, and this

fall is generally followed by a slight rise in the equivalent conduct-

ances. Such a behavior is typical of all colloidal electrolytes of

both cationic and anionic types. That portion of the curve within

which the solution exhibits a normal behavior is designated as the

first range, the rapidly descending portion as the second range,

and the later rise as the third range. The equivalent conductances

of the hydrochlorides of the high molecular weight primary amines

have recently been determined and can be considered as

characterizing the conductivity behavior of the cationic colloidal

electrolytes. The equivalent conductances of the hydrochlorides

of octyl-, decyl-, dodecyl-, tetradecyl-, hexadecyl-, and octadecyl-

amines plotted against are shown in Fig. 16.

It will be noted that the conductivities first drop linearly with

increasing concentration (first range). In this range the amine salts

* For a fuller discussion the reader is referred to Ralston, Ann. N, Y. Acad.

Sci., 46, 351 (1946).
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function as ordinary electrolytes, and the observed values are

approximately those calculated from the Onsager equation. The
conductivities then drop abruptly (second range), the critical point

occurring at a lower concentration the higher the molecular weight

VMolority

Fig. 16 Equivalent conductances of pnmary amine hydrochlorides.

of the amine salt. The negative slopes of the curves also increase

decidedly with increase in molecular weight. In the case of the

above salts the critical points occur at the following concentrations

(Nv)i Cio, 0.04; Ci2 , 0.013; C14 ,
0.004; Cie, 0.0008; and Cig,

0.0003. This decrease in equivalent conductance has been attrib-

uted by McBain and coworkers and also by Lottermoser and

Piischel,^ to the formation of large micelles of low conductivity

(lamellar micelles) which are spontaneously formed and which
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overshadow the effect of the highly conducting ionic micelles. Such

a theoiy, therefore, postulates the presence of two types of micelles:

the ionic micelle, which is a highly conducting, associated ion; and

a lamellar micelle or neutral colloid, which possesses a feeble con-

ductivity. This theory has been severely criticized by Hartley,^’®

who maintained that only one type of micelle is present, a large,

associated ion to which are attached a number of oppositely

charged ions, termed '^gegen-ions.” This interpretation has re-

ceived considerable support.^^^*^^® Recent x-ray studies 474. 476, 476,

4n, 47^ 479,489 indicate that two forms of micelles, differing in size and

structure, are present in solutions of the colloidal electrolytes;

however, owing to the difficulty of applying this method to solu-

tions, these observations cannot be considered as conclusive. The
rise in equivalent conductance in the third range is attributed by
McBain to an increase in the number of ionic micelles, while

Hartley ascribes it to an increased liberation of gegen-ions. Both

these explanations leave much to be desired, since the effects are

incompatible with those ordinarily observed with increasing con-

centration.

Although the slopes of conductivity curves of solutions of colloi-

dal electrolytes are characteristic, it is not until we study the trans-

ference numbers that the truly distinctive properties of such solu-

tions are forcefully brought to our attention. When the transfer-

ence numbers of the amine hydrochlorides are plotted against

y/Wv (Fig. 17 ), it will be noted that at low concentration the

values are linear with concentration and in reasonable agreement

wth the expected values. At a certain critical point, however,

the proportion of current carried by the cation increases abruptly,

and it is significant that this change occurs at a concentration co-

incident with the rapid drop in equivalent conductance. In the

third range the transference numbers drop slightly, although for

the higher amine salts they still retain their abnormally high values.

At infinite dilution the cationic transference numbers increase with

increasing molecular weight; however, beyond the critical concen-

tration the transference niunbers for the amine hydrochlorides

increase in the order Cg, Cio, Cig, Cie, C12, C14, thus indicating a

maximum effect for the C14 salt. The rapid rise in transference num-
bers has been attributed to a spontaneous formation of both ionic

and lamellar micelles, the presence of the latter accounting for the

decreased conductivity and that of the former for the increased
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transference numbers. Others have maintained that the high

transference numbers are due to the attachment of gegen-ions.

That the fonnation of ionic micelles is not a spontaneous effect is

shown by the fact that the transference numbers, even in very

dilute solutions and well within the first range, are materially

higher than the calculated values, thus indicating that the associar

tion in aqueous solution of ions possessing long hydrocarbon chains

Fig. 17. Cationic transference numbers of pnmaiy amine hydrochlorides.

is a normal rather than an abnormal behavior. Increase m tem-

perature increases the equivalent conductances, although it does

not change the general nature of the curves or materially alter the

position of the critical point.

Various significant changes in the physical behavior of solutions

of colloidal electrolytes occur coincident with the critical point.

The second range, is characterized by greatly increased solubilities

of the amine salts, the solubilities increasing enormously over very

small temperature ranges. A similar phenomenon was foimd for

the alkyl sulfonates by Tartar and Wright,^^^ who also observed

a break in the density and viscosity curves at this point. A possible

explanation for the chanees which occur at the critical point is
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that they manifest a solubility effect by representing the point at

which the true solubility of the electrolyte is exceeded. Owing
to the electrical forces involved and to the widely different internal

pressures between solvent and solute, the system does not separate

into two distinct phases, but forms one visibly homogeneous phase.

This consists of solution and associated molecules, the dispersed

phase consisting of a number of particles whose polar groups are

oriented towards the solution. The stability of such particles is

dependent upon the electrical forces involved.

A comparison of the solubilities of a non-colloidal electrolyte

(hexylammonium chloride) and a colloidal electrolyte (dodecyl-

ammonium chloride) in aqueous ethanol illustrates the great

difference in solubility behavior between these two types of electro-

lytes in aqueous systems. The solubility curves for hexylammo-

nium chloride in various dilutions of aqueous ethanol show a nearly

parallel alignment, evidencing the solubilizing influence of water

upon this salt. These curves exhibit a discontinuity in solvents

which contain less than 80% ethanol by weight, suggesting that

hexylammonium chloride may exist in several degrees of hydration.

In contrast to the normal solubility behavior of hexylammonium
chloride, its higher homolog dodecylammonium chloride shows a

very irregular behavior in aqueous ethanol. The length of the

hydrocarbon chain of this latter salt places it well within the range

of those salts which function as colloidal electrolytes. When the

solubility of dodecylammonium chloride is plotted against the

alcoholic content of the solvent, the curves go through a distinct

maximum which is shifted to lower alcohol concentrations upon
elevation of the temperature. Thus, at 60° the solubility of this

salt in a solvent containing approximately 40 weight per cent of

ethanol is nearly twice that in either pure water or pure ethanol.

The electrical behaviors of hexylammonium and dodecylammo-

nium chlorides in aqueous ethanol are characteristically different.^*®

The addition of ethanol to aqueous solutions of the hexylammo-
nium chloride lowers the conductivities at all concentrations. With
the dodecylammonium chloride such additions are attended by a

rise in both the specific and the equivalent conductancy values in

the concentrated solutions and by an irregular decrease in the less-

concentrated solutions. The critical point for micelle formation

is shifted towards higher concentrations by the addition of ethanol,

and such additions are accompanied by a lowering of the cationic

transference numbers. Such effects are attributable to the presence
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of associated particles in solutions of dodecylanunonium chloride.

High concentrations of ethanol inhibit micelle formation in solu-

tions of dodecylammonium chloride, an effect which has also been

noted with solutions of sodium dodecyl sulfate.^^

In a study of the surface tenrions of films of alkylammonium
chlorides over various subphases, it was noted that time effects of

long duration occur below the critical concentration for micelle

formation. Pressure-area isothermals for films of octadecylam-

Fig. 18. SolubiLties of primary alkylammomum acetates in 95% ethanol.

monium chloride on a O.OliV’ hydrochloric acid subphase show that

at large areas per molecule the films are vapor expanded, but that

increased pressure produces condensed films. Pressure-area iso-

thermals at 25.0^ for octadecylamine spread on the following

0.01JV acids have been determined: hydrochloric, hydrobromic,

hydriodic, perchloric, nitric, sulfuric, chromic, and phosphoric.

The films on the chromic acid subphase are completely condensed,

those on nitric and sulfuric acids are expanded at low pressures,

and those on the other acids are expanded at all pressures. In-

crease of temperature causes the films of octadecylammonium

chloride to become more expanded. It was observed that films of

octadecylammonium acetate are too soluble to permit their inves-

tigation by means of the film balance; however, docosylammonium
acetate could be examined by this procedure.

The alkylammonium acetates are quite soluble in 95% ethanol

and in benzene."^ Figure 18 shows the solubility curves of the

acetates from dodecylammonium acetate to octadecylammonium
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acetate inclusive, in 95% ethanol. It will be noted that the salts

of the even-caibon-membeted amines form one series and those of

the uneven another. Since the intervals between the curves in the

first series are less than those in the second, the curves are appar-

ently in disorder. For example, heptadecylammonium acetate is

less soluble than hexadecylammonium acetate, whereas pentadet^l*

Fio. 19. Solubibties of primary alkylammonium chlorides in 95% ethanoL

arnmnniiirn acetate is more soluble than tetradecylammonium ace-

tate and tridecylammonium acetate is more soluble than dodecyl-

ammonium acetate. The acetates of both hexadecyl- and octadec-

ylamine exhibit polymorphism, the solubilities of the more soluble

metastable forms being indicated by the broken lines. The un-

stable form is obtained by rapid chilling and may be kept indefi-

nitely at low concentrations. The alkylammonium acetates are

less soluble in anhydrous benzene than in 95% ethanol, but the

solubility curves are in the same order. No polymorphism is

eAudenced in benzene solution, both hexadecyl- and octadecyl-

ammonium acetates appearing in only one form. In a recent

study of the solubilities of the primary amine hydrochlorides in
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95% ethanol, it has been observed that the salts containing an even

number of carbon atoms exist in two modifications, whereas only

one form is present for those with an uneven number of carbon

atoms, thus indicating either that the latter are not polymorphic

or that the transition of the unstable form is so rapid that it could

not be recognized by the procedure employed. The solubilities in

95% ethanol of the amine hydrochlorides from decyl- to octadecyl-

ammonium chloride inclusive are shown in Fig. 19. In this figure

the solid lines refer to the solubilities of the stable forms and the

broken lines to those of the metastable forms.

The solubilities of a number of salts of dodecylamine, such as

the iodide, bromide, phosphate, formate, propionate, butyrate,

and acid sulfate, in 95% ethanol and in benzene have been re-

ported.^ From the work which has already been done on the

primary amines and their salts, it is evident that their physical

properties present a complex but interesting study in which poly-

morphism, surface activity, and colloidal phenomena are important

factors.

The Secondaby Amines

The secondary amines fall naturally into two groups, the sym-

metrical secondary amines, in which the hydrocarbon groups are

similar, and the imsymmetrical secondary amines. Examples of

the former are dioctylamine, didodecylamine, and dioctadecyl-

amine, and of the latter, N-methyldodecylamine, N-ethylocta-

decylamine, and N-phenyloctadecylamine. The secondary amines

possess higher melting and boiling points than the primary

amines containing the same alkyl group, and only the lower mem-
bers can be distilled without decomposition. They react readily

with carbon dioxide to form carbamates, and the same caution

must be employed in the determination of their physical constants

as with the primary amines. Many of the reported melting points

for the lower molecular weight secondary amines are apparently

too high.^'*^ The freezing and melting points of the symmetrical

secondary amines from dihexyl- to dioctadecylamine inclusive are

shown in Table XIII*”
It will be noted that the secondary amines below ditetradecyl-

amine exist in two polsrmorphic forms, the unstable form being

realized upon freezing.

The lower-melting form is designated as the a-modification and

the higher-melting form as the i9-modification. A plot of these
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freezing and melting points shows that the values fall upon two

curves which intersect at ditetradecylamine. The melting and

freezing points of the higher members fall upon a continuation of

the curve formed by the melting points of the 0- or high-melting

form of the lower homologs. It is significant that the melting

points of the polymorphic forms of the alcohols intersect at 1-

TABLE XIII

Freezing and Melting Points of Symmetrical Secondary Amines

Amines F.P., ®C. M.P., “
C.

Dihexyl -13.06 -13.06 a
1.2 /3

Diheptyl 2.7 2.7 a
15.5

Dioctyl 14.62 14.62 a
26.7 fi

Dinonyl 25.0 25.0 a
34 5 /3

Didecyl 32.60 32 60 a
41 5 /5

Diimdecyl 40.5 40.5 a
47 0

Didodecyl 46.95 46 95 a
51 8 fi

Ditndecyl 53.5 53 5 a
56 5

Ditetradecyl 60.62 60.62

Dipentadecyl 63.3 63.3

Dihexadecyl 67.03 67 03

Diheptadecyl 69.6 69.6

Dioctadecyl 72.3 72 3

tetradecanol, which contains half as many carbon atoms as ditetra-

decylamine. This indicates that the R groups in the secondary

amines may lie parallel and that such compounds do not possess a

linear structure. The behavior of didodecylamine is typical of that

of the lower secondaiy amines. Upon cooling, this compoimd
begins to freeze at 46.95° in the form of small, transparent crystals

which, if heated rapidly, will melt at this temperature. If the

temperature is kept constant at the freezing point for several

minutes, however, this amine transforms to a dense, opaque,

crystalline mass which melts at 51.8°. This transformation in the

case of dihexylamine, dioctylamine, and didecylamine apparently

requires the presence of a small amoimt of impurity, since very
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pure samples of these compounds melt and freeze at the lower

temperatures. This presents an outstanding exception to the gen-

eralization that the presence of an impurity stabilizes a metastable,

lower-melting form.

The presence of the nitrogen atom in the middle of the chain does

not impart any unusual solubility characteristics to the secondary

amines. They are, in general, somewhat more soluble in organic

solvents than are the primary amines of corresponding chain

length.^^^ This is attributed to the fact that the polar groups in

the middle of the chain cause the melting points to be considerably

lower than those of the primary amines of the same carbon con-

tent. In similarity to other polar aliphatic compounds, the second-

ary amines form eutectics with the non-polar solvents benzene,

cyclohexane, and tetrachloromethane. Among these solvents they

are most soluble in benzene and least soluble in tetrachloro-

methane. The compositions and temperatures of the eutectics

formed by the or and /3-forms of dioctylamine in these solvents are

as follows: (a- values, /3- values) benzene, 41.6% amine at —1.5°,

36.7% at —0.4°; cyclohexane, 17.5% at —7.6°, 12.7% at —2.8°;

tetrachloromethane, 1.6% at —23.9°, 0.7% at —23.4°. Eutectics

for the higher amines are located at much lower concentrations.

The symmetrical secondary amines are very soluble in chloroform

and somewhat less soluble in ethyl ether, ethyl acetate, and butyl

acetate. They are more soluble in 2-butanone than in acetone,

and become progressively more soluble in the alcohols with increase

in molecular weight of the solvent. Such amines show a marked
correlation between solubility and polarity of solvent, being diffi-

cultly soluble in the highly polar solvents. The solubilities of the

secondary amines in 95% ethanol and in acetone are shown in

Tables XIV and XV.«®

TABLE XIV

Solubilities of Secondary Amines in 95% Ethanol

Grams per 100 g. 95% Ethanol

No.

of C
Ltoms

-10.0® 10.0® 30.0® 40.0® 50.0® 60.0®

16 4.6 63 00 00 00 00

24 ,

.

0.2 19.5 185 3350 00

26 . .

.

.... 4.5 43.1 655 00

28 .... 0.4 7.8 233 almost «
30 .

.

. .... 1.8 66 1640

36 . .

.

.

.

, ,

,

«0.1 4.9



670 THE NITROGEN-CONTAINING DERIVATIVES

TABLE XV

Solubilities of Secondary Amines in Acetone

No.

of C
Atoms

16

Grams per 100 g. Acetone

0.0® 20.0® 30.0® 40.0® 50.0® 56.1®

1.9 625 00 00 00 00

24 1.8 18.7 3900 00

26 . .

.

<0.1 5.2 505 almost 00

28 . .

.

1.1 22.5 900

30 .... <0.1 6.4 310

36 .

.

. .

.

.... 0.1 2.0

Figure 20 shows the solubility curves for several of the secondary

amines in 1-butanol.

The secondary amines are stronger bases than the primary

amines; however, salt formation is more difficult with the former

owing to their reduced solubilities in water. Few constants have

Fig. 20. Solubilities of secondary amines in 1-butanol.

been reported for the salts of the secondary amines since the higher

members are generally purified and characterized as the free

amines. A comparison of the equivalent conductances at infinite

dilution and of the ionization constants of many of the primary and
secondary amines has recently been made and the reported values

are shown in Table XVI.
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TABLE XVI

Ionization Constants of the Aliphatic Amines in Wateb at 25*

Concn. Range
Investigated,

Amine Ao moles/liter Kb X 10“*

Butyl 235 0.0004-0.073 4.1

Isobutyl 235 .0008- .057 2.7

Amyl 232 .0008- .049 4.3

Isoamyl 232 .0008- .040 4.0

Hexyl 229 .0008- .046 4.4

Dihexyl 214 .0008- .030 10.2

Heptyl 226 .0008- .022 4.6

Octyl 223 .0008- .016 4.5

Dioctyl 208 .0008- .014 10.2

Nonyl 220 .0008- .015 4.4

Decyl 217 .0008- .012 4.4

Undecyl 214 .0008- .011 4.3

Dodecyl 211 .0008- .011 4.3

Didodecyl 197 .0008- .011 9.9

Tridecyl 208 .0008- .011 4.3

Ditndecyl 193 .0008- .008 9.9

Tetradecyl 205 .0008- .008 4.2

Pentadecyl 202 .0008- .008 4.1

Dipentadecyl
,

187 .0008- .008 10.0

Hexadecyl 199 .0008- .008 4.1

Heptadecyl 196 .oooa- .008 4.0

Octadecyl 193 .0008- .008 4.0

Dioctadecyl 180 .0008- .008 9.9

Docoeyl 180 .0008- .008 4.0

The reports of physico-chemical data for the unsymmetrical

secondary amines have largely been confined to a recordmg of the

melting and boiling points for such amines and some of their salts.

Westphal and Jerchel have reported the boiling points of several

N-methylalkylamines, the observed values being as follows:

methylhexyl-, 6756 80-110®; methyloctyl-, 63 60-65®; methyl-

dodecyl-, 61.5 108-110®; and methylhex^ecylamine, 61 147-160®

(HCl salt, m.p. 169-170®). Several N-aiylalkylamines have been

prepared by Le Sueur,^ who reported the following physical con-

stants: phenyltridecyl-, m.p. 23-24® (HCl salt, m.p. 94.5-95.5°);

phenylpentadecyl-, m.p. 34-35® (HCl salt, m.p. 97.6°)
; and phenyl-

heptadecylamine, m.p. 42-43® (HCl salt, m.p. 99-100°).

The cyclic imines prepared by Ruricka and associates

are low-melting solids which form stable salts with acids. Some
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of the constants reported for these cyclic imines are as follows:

hexamethylenimine, 6720 130-134^ (HCl salt, m.p. 230-232^);

octamethylenimine, 617 69^, 0.8905; tridecamethylenimine,

60.06 65°, m.p. 38-39°; tetradecamethylenimine, boos 97-98°,

m.p. 47-48°; hexadecamethylenimine, m.p. 58-59°, 0.8470; and
heptadecamethylenimine, m.p. 64r-66°, dFF 0.8435.

The Tertiary Amines

Like the secondary amines, the tertiary amines can be divided

into the two groups, symmetrical and unsymmetrical. The (sym-

metrical tertiary amines possess lower freezing points than the

symmetrical secondary amines containing the same alkyl group;

for example, dioctadecylamine freezes at 72.3° whereas triocta-

decylamine freezes at 54.0°. Trioctylamine freezes at —34.0° and
tridodecylamine at 15.7°. The solubilities of the symmetrical ter-

tiary amines decrease abruptly with increasing polarity of the

solvent.^*® Their solubilities appear to be comparable to those of

the secondary amines containing an equivalent number of carbon

atoms. Thus, the curves for trioctylamine in the moderately polar

•solvents are very similar to those for didodecylamine. They
possess limited solubility in methanol, 95% ethanol, and 2-pro-

panol, the solubilities decreasing with increasing molecular weight

of the amine. The tertiary amines are extremely soluble in the

non-polar solvents benzene, cyclohexane, and tetrachloromethane

and form eutectics with these solvents. The percentage of amine
in the eutectic mixture decreases enormously with increase in

molecular weight of the amine. For example, the eutectic between

trioctylamine and benzene contains 91.0% amine, the eutectic

temperature being 38.5°, whereas that with tridodecylamine con-

tains 42.5% amine at 0.3° and that with trioctadecylamine contains

0.2% amine at 5.5°. The solubilities of the symmetrical tertiary

amines in organic solvents may be illustrated by those of trido-

decylamine (Table XVII).®®®

The N-methyldialkylamines possess materially lower melting

points than the corresponding symmetrical dialkylamines. The
following constants have been reported for the N-methyldialkyl-

amines:®®® methyldihexylamine, 612 118°; methyldidodecylamine,

61.5 201°, m.p. 15-16°; and methyldihexadecylamine, 5i 269-271°.

The N,N-dimethylalkylamines are either liquids or low-melting

solids, some of the constants of which are as follows:®®®*®®^®®®

dimethylpentyl, 6755 122-130°; dimethylhexyl, 6756 146-147° (pic-
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TABLE XVn

Solubilities or Tbidodsctlaiiins *

Grams Amine per 100 g. Solvent

Solvent -20.0® -10.0® 0.0® 10.0® 20.0® 30.0® 40.0®

Benzene 570 00 00 00

Cyclohexane . . .

.

, . 570 00 00 00

Tetrachloromethane 6.3 16.5 43.2 188 00 00 00

Trichloromethane 7.6 26.8 106 490 00 00 00

Ethyl ether 4.2 13.5 54 315 00 00 00

Ethyl acetate 0.2 1.0 »850 00 00 00

Butyl acetate 1.5 3.9 11.4 900 00 00 00

Acetone . . 0.1 1.4 2.2 3.4

2-Butanone . , 0.5 9.8 00 00 00

Methanol , <0.1 0.3 0.5 1.2

95% Ethanol .

,

. .

.

. . 0.2 0.7 1.5

2-Propanol , , . .

.

<0.1 2.7 15.3 23.9 58

1-Butanol ,

,

<0.1 1.5 25.5 00 00 00

* w with all solvents above 17.9** except as otherwise noted.

rate, m.p. 100®); dimethylheptyl, breo 170® (picrate, m.p. 75®);

dimethyloctyl, 6700 191® (picrate, m.p. 72°); dimethylhexadei^l,

61 138°; and dimethyldocosyl, 60 e 190°, m.p. 44°. Several N,N-
diethylalkylamines have been reported,*”’^* examples being di-

ethylhexadecylamine, hot 161°; diethyltrideoylamine, bi2 169°;

and diethyldodecylamine, {>2 122-124°. N,N-diben^ldode<yl-

amine boils at 219-220° at 2 mm. and its hydrochloride melts at

101°. Buck and Baltzly**^ have reported constants for several

N-benzyldialkylamines as follows: (alkyl groups, b.p.) methyl-

butyl, bio 113°; methylpentyl, 615 126°; methyldodecyl (HCl salt,

m.p. 133-134°) ;ethylbutyl, 613 115-116°; ethylpentyl, ftg 117-121°;

and butylpentyl, 6g 145-146°.

Misceixaneous Amines

The aliphatic a,(iiHliammes are much more soluble in ethanol

and water than the monoamines. They readily form salts with

acids, two series of which are possible. The dihydrochlorides melt

with decomposition at relatively high temperatures. The following

freezing points have been reported ***-*‘>"‘'*^*’'** for the a,«-

diamines: 1,4-diaminobutane, 23-24°; l,6-diamin<diexane, 34.2°;

1,7-diaminoheptane, 28-29°; 1,8-diaminodctane, 50-^2°; 1,9-di-
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ammononane, 37-^37.5^; 1,10-diaminodecane, 61.5^; 1,11-diamino-

undecane, 58®; 1,12-diaininododecane, 66-67®. Several a>-hydroxy

amines have been described.^^ These compounds possess rela-

tively high melting points; for example, 16-hydroxyhexadecyl-

amine melts at 90-91®, and 13-hydroxytri(lecylamine melts at 84®.

Chemical Properties of the High Moleciilar Weight
Aliphatic Amines

In general, the high molecular weight aliphatic amines exhibit

the reactions of the lower members of the series. Since, however,

different reaction conditions are frequently indicated for the higher

molecular weight compoimds, it often appears that qualitative dis-

tinctions can be shown between the reactions of the higher amines

and those of their lower homologs. The most characteristic reac-

tion of the amines is salt formation, and the physical properties of

a number of these salts have previously been discussed. Many of

these amine salts can easily be dehydrated to the corresponding

amides as has been shown earlier in this chapter. Acylating agents

3deld substituted amides.

The primary and secondaiy amines react readily with carbon

dioxide to form alkyl carbamates. With carbon disulfide in cold

alcohol or ether solution, the amines form alkylammonium N-
alkyldithiocarbamates/” which on heating lose hydrogen sulfide

to form dialkylthioureas as follows:

2RNH2 + CS2

ySHHiNR

^NHR

/SH.
SC<

\i\rpri

HjNR

NHR

(RNH)2CS + H*S

If the reaction with primaiy amines is conducted at high dilu-

tions in the presence of heavy metal salts, alkyl isothiocyanates

result in satisfactory yields, the decomposition of the intennediate

alkylammonium N-alkyldithiocarbamate proceeding thus:

^HHjNR
SC<
^NHR

RNCS + H2S + RNHj

Dioleylthiourea melts at 67-69®, whereas the isothiocyanate is a

liquid, bo .4 200-210®. The reaction of the aliphatic amines with

sulfur dioxide is apparently somewhat complex. Michaelis ^ has

shown that an equimolar addition product of aniline and sulfur
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dioxide results from the action of phenyl isocyanate, aniline, and

water. Later it was observed lhat the aliphatic amines react

directly with sulfur dioxide to form compoimds having a 1 : 1 ratio

of amine to sulfur dioxide. These are white, crystalline compounds
which lose sulfur dioxide when exposed to the atmosphere. In

1935, Hill and Fitzgerald ^ determined the vapor pressures of the

system pentylamine-sulfur dioxide, the results indicating the for-

mation of a white, metastable compound with an amine: sulfur

dioxide ratio of 1 : and of a stable, yellow compound with a 1 :

1

ratio. The heats of formation of the stable compounds for pentyl-

and heptylamine were 3500 and 6400 cal., respectively, which are

much lower than those calculated for the aromatic amine-sulfur

dioxide complexes.

The primary and secondary aliphatic amines yield complex mix-

tures when treated with strong oxidizing agents. The oxidation

of primary amines, such as heptylamine, by means of persulfuric

or permanganic acid, has been stated to yield hydroxamic acids,

the reaction having been proposed for the qualitative detection of

amines. Although ammonia forms a peroxide, (NH4)202, when
treated with an ether solution of hydrogen peroxide at low tem-

peratures,®®^ the action of oxidizing agents on the high molecular

weight primary and secondary aliphatic amines has received little

attention. It has been claimed that the oxidation of secondary

amines with alcoholic solutions of hydrogen peroxide yields hy-

droxylamines, the oxidation of N-methyldodecylamine being cited

as an example.®®® The tertiary amines form stable oxides,

R1R2R3NO, when treated with oxidizing agents, the preparation

and properties of many of these amine oxides having been rather ex-

tensively described in the patent literature. The oxidation of N,N-
dimethyldodecylamine, N,N-dimethylhex^ecylamine, N-hexar

decylpiperidine, and 4Hdimethylamino-l-laurophenone with oxidiz-

ing agents such as Caro’s acid, hydrogen peroxide, or ozone yields

the corresponding amine oxides, many of which are water soluble.®®®

Details have been given for the preparation of amine oxides from

N,N-dimethyldodecylamine, ®®^ N-methyl-N-dodecylcyclohexyl-

amine,®®* N-ethyl-N-dodecylcyclohexylamine,®®® and N-ethyl-N-

octadecenylcyclohexylamine.®^® The amine oxides have been sug-

gested as wetting agents for the treatment of textiles, and it has

also been stated ®^^ that they function as detergents. Wetting

agents have also been prepared by treating the lower molecular

weight amine oxides with high molecular we^t alkylating
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agents.*^* Such products are less basic than the original amines

but are still capable of salt formation. The oxidation products of

alkylated ethylenediamines have been described. Wetting

agents are obtained when compounds such as 2-(dimethylamino)*

stearic acid are subjected to the action of oxidizing agents. The
kinetics of the oxidation of tertiary amines has been studied."^

The reaction of amines with nitrous acid has long been a standard

procedure for distinguishing between primary, secondary, and ter-

tiary amines. When primary amines are treated with this reagent

they 3deld alcohols, together with other products, nitrogen being

evolved. The secondary amines, on the other hand, 3deld nitro-

soamines, and the tertiary amines are unreactive. The reactions

of primary and secondary amines with nitrous acid proceed as

follows:

(I) RNHj + HNOi ROH + N* + HjO

(II) RR'NH + HNO* RR'NNO + H2O

Although the lower molecular weight primary amines react ac-

cording to equation (I), the action with the higher primary amines

is more complicated, since isomeric alcohols and olefins are formed

along with the primary alcohols. Thus, propylamine yields 1- and

2-propanol together with propene when treated with nitrous

acid.“^®^^*“® Tertiary butyl alcohol and isobutylene are formed

by the action of isobutylamine with nitrous acid."® Among the

products formed from butylamine and nitrous acid are 1- and
2-butanol, 2-methyl-l-propanol, butenes, and dibutylnitroso-

amine.^'*®**'"^ In 1932, Whitmore and Langlois made an ex-

tensdve investigation of the action of nitrous acid on butylamine,

tire reaction being conducted in aqueous solution in the presence of

the calculated amount* of hydrochloric acid. The following prod-

ucts were identified in the reaction mixture: 1-butanol, 25.0%;
2-butanol, 13.2%; 1-chlorobutane, 5.2%; 2-chlorobutane, 2.8%;
and butenes, 36.5%. Since the reaction was conducted rmder

conditions in which dehydration or esterification of the alcohol

was improbable, and since it did not appear that the olefins are

intermediates, it was postulated that the decomposition of the

amine nitrite results in the intermediate formation of butyl and
hydroxy radicals, the subsequent and probably almost instanta-

neous reaction of which yields the observed products. The synthe-

sis of the higher molecular weight alcohols by the reaction of nitrous

acid on the amines has been described,®®* the following procedure

having been employed for the preparation of 1-dodecanol:
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Dodecylamine (48 g.) is dissolved in about 300 grains of 95% ethanol,

60 grains of concentrated hydrochloric acid is added and the solution

cooled to 0^. Sodium nitrite (50 g.) dissolved in 100 cc. of water is then

added, the mixture allowed to stand for one hour and then refluxed for

an additional hour. Excess water (600-650 g.) is then added, precipitat-

ing the 1-dodecanol, which is then washed free of acid and fractionated.

The hydrogenation of nitriles to amines and their conversion to

alcohols may be accomplished without isolation of the amines.

Substantial quantities of olefins and chloroalkanes are generally

present in the reaction products of the higher amines and nitrous

acid in the presence of hydrochloric acid.

The degradation of amines may be accomplished by heating

their salts at temperatures above their decomposition points, in

the presence or absence of catalysts. The tertiaiy amines may be

progressively converted to secondary amines and then to primary

amines by such procedures. Trimethylammonium chloride yields

dimethylammonium chloride, trimethylamine, and 1-chlorobutane

when heated to 295^, and higher temperatures finally result in the

formation of some methylamine.®^ The salts of the higher molec-

ular weight amines, however, 3deld mainly monodlefins when
heated above their decomposition points. Griin has described

the preparation of olefins by pyrolysis of the secondary N-aryl-

alkylamines in the presence of zinc chloride; N-imdecylaniline, for

example, yields imdecene. Salts of the primary amines also yield

monodlefins when heated to temperatures of 300® to 400®. Mc-
Corkle has disclosed the continuous preparation of olefins from

primary amines by dropping the amine upon heated phosphoric

acid in a closed vessel, the olefin being continuously removed while

the pho^horic acid is regenerated through decomposition of the

resulting ammonium metaphosphate.

The reaction of the high molecular weight amines with alkylene

oxides leads to a variety of products the compositions and proper^

ties of which are dependent upon the particular amine involved,

the mole proportions of the reactants, and the conditions used to

effect the condensations. The general type of reaction encoimtered

can best be illustrated by the well-known condensation of ammonia
with ethylene oxide, first investigated by Wurtz®^ in 1859.

Aminoethanols are produced thus:

CH, CHi + NH, CH*OH

2-Hydrosyethylamiiie
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CH, CH, + CHrf)H

iiHiNH,

CH*—CH, + HOCHjCH,V V
HOCnjCH,"^

HOCHiCH,

\h
HOCHaCH2'^

Di(2-hydroi7ethyl)amine

HOCH2CH2

- HOCHiCHr^N

HOCHsCH,^
Tri(2-h3rdrozyethyl)anune

The condensation of ethylene oxide with the low molecular

weight primary, secondary, and tertiary amines has been the sub-

ject of a number of investigations.”®*®**'*®®'®"'®*® In 1932, Home
and Shriner ®** made an extensive study of the condensation of

ethylene oxide with diethylamine, the results of which are of

exceptional interest since tbey comprise not only an isolation of

the primary reaction products but also a study of the secondary

condensation products. The equations given by these authors

exemplify the type of chain reaction typical of ethylene oxide, and
since cyclic polymerization was prevented by the presence of the

tertiary amino group an isolation of the products was possible.

The reaction of diethylamine with an excess of ethylene oxide

proceeds as follows:

(C2H6)2NH + CH2—CH2 (C2H8),NCH2CH20H

CH2—CH*

(C2H6)2NCH2CH20CH2CH20H

CH*——CH*

(CsH6}2NCH2CH20CH2CH20CH2CHs0H

/ CH*—CH*
*

^o^

(C2H6)2NCH2CH*(OCH*CH2):cOH

It was subsequently shown ®*® that the number of—OCH2CH2
—

groups contained in such products may be quite large, fifty or more,

the ethylene oxide being capable of adding to each newly formed

hydroxyl group. Reactions similar to the above are obtained with

the hi^er molecular weight amines, the initial product being the

hydroxy amino compound, which is capable of further condensa-

tion with ethylene oxide at both the amino and the hydroxyl

groups. The preparation of water-diq)ersible products by the

condensation of ethylene oxide with high molecular weight ali-

phatic compounds containing an active hydrogen has been de-
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scribed,^’* and it has been stated that products of a similar

nature are obtained when high molecular weight amines are con-

densed with the polyglycols obtained from ethylene oxide or its

homologs. The action of ethylene oxide on the high molecular

weight tertiary amines yields quaternary ammonium bases.

Compounds of the general formula RiR2R8NOH(CnH2nO)*H have

been obtained by the condensation of ethylene oxide with the

oxides of tertiary amines. The preparation of wetting agents by
treatment of ethylene oxide or its homologs with tertiary amines

in which one of the R groups is a long-chain hydrocarbon radical

and another is a polyhydroxyalkyl group has been described,***

Water-dispersible products are obtained by treating primary

amines successively with propylene and ethylene oxides, or with

epichlorohydrin and ethylene oxide.*** In the earlier work upon
alkylene oxide-amine condensations, it was shown that the presence

of a small amount of water is necessary to catalyze the reaction.

Recently, Schwoegler *" has observed that, if the reaction is con-

ducted at an elevated temperature (100-150®) and the ethylene

oxide is added slowly, a smooth condensation results in the absence

of water.

As previously stated, the product obtained by the condensation

of an amine with an alkylene oxide depends, to a large extent,

upon the mole proportions of the reactants employed. With the

higher amines those products which contain a low molecular ratio

of alkylene oxide to amine are generally waxlike solids, whereas

those with higher proportions of alkylene oxide possess lower

melting points and a greater water solubility. Although a consideiv

able amount of work has been reported upon reactions involving

the higher amines and the alkylene oxides, it is evident that the

actual composition of the intermediate and end products is, in

many instances, quite uncertain. The assumption that such reac-

tions proceed similarly to those observed for the lower amines

appears reasonable, although more work is required concerning

the structures and properties of the intermediate and final prod-

ucts before conclusive statements are justified. Compounds which

possess many of the properties of amine-alkylene oxide conden-

sates have been obtained by reaction of the amines with glycidol.**^

The preparation of water-dispersible compounds with the ^ycides

has also been described.***

The action of sulfonating agents on the high molecular weight

secondary and tertiary amines yields products which function as
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wetting agents,*** and an imposing number of surface active chem*

icals have been sfynthesized by such reactions. Among the most

important of these products are the sulfuric esters of the secondaiy

or tertiary amines which contain one or more long all^l chains

together with one or more hydroxyalkyl groups. Thus, the treats

ment of N-hydro^ethyldioctylamine with sulfuric add yields the

sulfuric ester, the sodium salt of which is water soluble.*** Ck>m-

pounds with dmilar properties may be obtained by treating the

sodiiun salts of the sulfuric esters of low molecular weight hydroxy-

alkylamines, sudi as NH2CH2CH20S08Na, with hi^ molecular

wd^t seriating agents such as stearoyl chloride,*** or by the action

of ac^lating agents on lower molecular weight hydroxyalkylamines

followed by sulfonation of the resulting products.*** The partial

esterification of amines such as tri(2-hydroxyethyl)amine with

hi^ molecular weight adds or add chlorides has been accom-

plished,**^ and the treatment with sulfuric add or sulfonating

agents of the secondary amines which contain hydroxyalkyl radi-

cals has been described in detail.*** Water-soluble derivatives re-

sult from the sulfonation of tertiary amines or quaternary ammo-
nium compounds which contain a benzyl radical.*** Calcott and

Clarkson *** have studied the condensation of high molecular weight

amines with halohydrins. Compoundswhich possess marked water
solubilities can be prepared *** by condendng primary amines with

glycerol monochlorohydrin; for example, the reaction of two moles

of this reagent with one mole of dodecylamine yields N,N-di(2,3-

dihydrox3rpropyl)dodecylamine, (CH20HCH0HCH2)2NCi2H26.
The tetrasulfuric ester of this amine and its sodium salt are ex-

tremely water soluble and possess detergent propeities. Water-

soluble products of interest as wetting agents have been obtained

by the sulfonation of unsaturated secondary amines such as N-
methyloctad^cenylamine or N-benzyloctadecenylamine.***

The primary amines are reactive with ethyl malonate, it having

been repented *** that pentyl-, octyl-, and dodecylamine react at

essentially the same rates with this reagent.

The salts of the high molecular weight amines form double salts

with many of the heavy metals. Most of these double salts are of

wdl-defined composition and several have been employed for the

istdation and identification of the hi^er amines. For mcample,

the double salts of the alkylammoirium chlorides and platinic

chloride were employed by Hofmann *** and also by Krafft and
Moye *** for the characterisation of a munber of the hi^ molecular
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wei^t amines. A yellow, ciystalline double salt of dodec^l-

ammonium chloride and cupric chloride, jCuCl2’2(Ci2H26-HCl),

has recently been described.*** Goebel and Walker have

investigated the alkylammonium metallo nitrites, and have pre-

pared double salts such as decylanunonium cobalti hexanitrite,

(CioH2iNH3)3Co(N02)6i tctradecylammonium nickel hexanitrite,

and octadecylammonium cadmium tetranitrite, and have sug-

gested their use as corrosion inhibitors.

The high molecular weight amines form coordination complexes

with the salts of the heavy metals, many of these compounds being

quite stable and possessing well-defined melting points. Such com-

pounds are undoubtedly similar in structure to the well-known

ammino derivatives of the metallic salts, the amines being held by
auxiliary valences and forming a complex ion with the metal. The
number of amine molecules contained in the complex apparently

decreases rapidly with increase in molecular weight of the amine.

Copper chloride and ammonia form a series of complexes, up to

and mcluding one with a coordination number of six, hexammino-

cupric chloride, [Cu(NH3)6]Cl2. Probably the best known of these

ammino-cupric chloride complexes is tetrammino-cupric chloride,

[Cu(NH3)4]Cl2. Straumanis and Cirulis foimd tiiat a higher

ratio of amine to metal can be obtained with methylamine than

with its higher homologs ethyl-, propyl-, and butylamine, although

the stability of the complexes increases with increasing boiling

point of the amine. A 1:4 complex of beryllium chloride and
butylamine rapidly decomposes to a 1:2 complex when washed

with ether. The complexes of the higher amines which have so

far been prepared show a coordination number of two. Most of

these complexes are insoluble in cold water and are decomposed

in boiling water; many of them are quite soluble in organic sol-

vents. The following ammino-metallic complexes have been pre-

pared from the higher molecular weight amines: bisdodecyl-

ammino-cupric chloride, Cu[Ci2H25NH2]2Cl2, blue crystals, m.p.

128^; bisdodecylammino-cupric acetate, Cu[Ci2H25NH2]2(OAc)2,

purple clusters, m.p. 86^ ; bisdodecylammino-silver nitrate,

Ag[Ci2H25NH2l2N03 ,
white flakes, m.p. 76° (decomp.)

;
bisdodecyl-

ammino-zinc chloride, Zn[Ci2H25NH2]2Cl2, white flakes, m.p. 135-

136°; bisdodec^lammino-zinc bromide, Zn[Ci2H25NH2]2Br2, white

crystals, m.p. 137-140°; bisdodec^lammino-cadmium chloride,

Cd[Ci2H26NH2]2Cl2, white crystals, m.p. 141-142°; bisdodecyl-

ammino-mercuric chloride, Hg[Ci2H25NH2l2Cl2, white crystals,
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m.p. 155-156** (decomp.); Ixusoctadec^lammino-cupric chloride,

Ca[Ci8H87NHs]2Cl2, bhie ciystalB, m.p. 126°
; bisoctadeiylainmmo-

eupric acetate, CSu[Ci8H87NH2]2(OAc)2, puiple clusters, m.p. 95.5-

96°; bisdioetylammino-eupric chloride, Cu[(C8Hi7)2N£Q2Cl2, blue

crystals, m.p. 126-127°. Attempts to prepare complexes between

the high molecular wei^t tertiary amines and metallic salts have,

so far, not been successful. A q>ectrophotometric study *** of the

system dode<ylamine-cupric acetate has drown that this ccnnpound

is highly diaiociated in solution. This investigation failed to

establish the presence of alkylammino-cupric complexes with an
amine-metal ratio hi^er than two to one.

Uses of the High Molecular Weight Amines and Their

Derivatives

The surface active properties of the amine salts and many of the

derivatives which have been S3mthe8ized from the high molecular

weight amines indicate their usefulness as wetting, emulsifying,

and diqiersing agents. Many of the recent uses which have been

proposed for the higher amine salts are worthy of mention. The
amine salts are effective flotation agents for the froth-flotatiim

separation of minerals.*''’ In such processes the amine salts gener-

ally differ from the anionic type of flotation agent in that they

preferentially float rilica or other oxides. In the froth-flotation

separation of caldum phosphate from rilica by the use of amine

salts, it is, therefore, the rilica or gangue mineral which floats, thus

reversing the usual flotation process."*’*" The amine salts can be

used to bring about a flotation separation of potassium chloride

from sodium chloride, the former appearing in the concentrate and
the latter in tiie tailings.*** Oxide and sulfide minerals can be

floated from gangue minerals by the use of salts of high molecular

wright, unsaturated primary amines.*** Mixtures of high molecu-

lar wei^t amine salts and nitriles are extremely effective flotatimi

agents for the separation of a number of mineral mixtures.*** In

many instances a pretreatment of the ore with a strongly alkaline

solution decreases the amount of amine reagent required and in-

creases its spedficiiy.*** A theoretical study of the function of high

molecular wei^t amine salts as flotation agents has been made by
Warit.***

Aqueous solutions of the hij^er amine salts possess hi|^ bac-

teriddal properties, such effects appearing to bear a marked cotre-

lation to thrir surface active properties. Those salts wMch funo
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tion as normal electrolytes over an appreciable range of concentra-

tion possess feeble bactericidal properties, whereas those which

exhibit micelle formation at low concentrations are highly bacteri-

cidal. Althou^ the structure of an amine salt bears a distinct

relationship to its specificity against certain organisms, it can be

stated that, in general, all the water-soluble salts of the higher

amines possess a high degree of effectiveness against bacteria. The

quaternary ammonium compounds are of particular interest as

bactericides, and considerable work has been done in correlating

their structure with this property. These quaternary ammonium
compounds are discussed later in this chapter. One of the earlier

references to the bactericidal properties of the amine salts and the

quaternary ammonium compounds is the French Patent 782,930,

issued to I. G. Farbenind. A.-G.,“* in which it was disclosed that

salts such as dodecylammonium chloride, N-ethyldodecylammo-

nium chloride, and many quaternary ammonium compounds

which contain at least one long-chain hydrocarbon group are

highly bactericidal. The fungicidal properties of the amine de-

rivatives, particularly those which contain a sulfur atom, have

also been disclosed.®®® The bactericidal and fungicidal properties

of the amines and their derivatives have been the subject of a

rather extensive patent literature.

The amine salts are strongly adsorbed upon siliceous surfaces,

and this property has been made the basis of several interesting

industrial applications. When a siliceous aggregate is coated with

a cation-active compound, the affinity of the aggregate for asphalt

or similar materials is greatly increased, so that the aggregate

will not ‘‘work out” of such mixtures.®™ A similar effect may be

obtained by dissolving the amine or its salt in the asphalt. Sili-

ceous building materials may be made more resistant to the passage

of water by treatment with aqueous solutions of cation-active

compounds.®” The plasticity of lime, plaster of Paris, and allied

materials is improved by the addition of small amounts of cation-

active compounds.®”

The high molecular weight primary and secondary amines are

lethal to insects, the effect being at a maximum with octyl- and
de<ylamine in the primary series and with dihexyl- and dioctyl-

amine in the secondary series.®^® The higher primary and second-

ary amines are essentially devoid of this property, as are also those

amine salts which have so far been investigated.
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Other uses which have been suggested for the amines or their

derivatives are as follows: the waterproofing of cellulose, cotton,

rayon, and similar textiles; the rendering of textile products

uncru^ble; the treatment of textiles in conjunction with form-

aldehyde or formaldehyde-producing substances; the dyeing of

textiles; the compounding of vami^es and enamels; *’*• the

preservation of latex; the production of foaming agents and

emulsifying agents; »**•*•** sss ^0 clarification of water; the im-

provement of the plasticity of day; and the sterilization of

liquids.**®

From the above it is apparent that many uses have been sug-

gested for the cation-active compounds, and, in view of their un-

usual ph3rsical behavior, it is safe to predict that continued study

will greatly enlarge this list.

THE QUATERNARY AMMONIUM COMPOUNDS

Althou^ the quatemaiy ammonium compounds have been

known for some time, they have been so extensively studied during

the past few years that one is almost justified in the belief that they

constitute a new class of nitrogen-containing derivatives. The
quaternary ammonium salts can be defined as tetra-substituted

ammonium salts, RR'R^'R'^^NX, and the quaternary ammonium
bases as tetra-substituted ammonium hydroxides. It was initially

considered that the R groups of the quaternary ammonium com-

poimds must consist of carbon-containing radicals; however, an

expansion of the literature upon this subject has forced a modifica-

tion of this concept, as will presently be shown. The quaternary

nitrogen may be joined to one or more nitrogen, oxygen, or other

atoms, and the quaternary ammonium compounds frequently

possess extremely complex structures. The quaternary ammo-
nium compounds are often referred to as ^'invert soaps”

;
however,

this term does not differentiate them from phosphonium, sulfo-

nium, and similar types of compounds, and is not illuminative as

regards their structure. All the quatemaiy ammonium com-

pounds have one property in common: the quaternary nitrogen is

pentavalent and appeara in the porative portion of the molecule.

They are, therefore, typical cationic electrolytes, and their phys-

ical behavior parallels that previously described for such sub-

stances.
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Those quatemaiy ammonium compounds which contain <nie or

more high mdecular wd^t alkyl groups constitute a very im-

portant ftlofw of nitrogen-containing fatty add derivatives. Ob-

viously, the number of such compounds theoretically possible is

extremely large, and many representatives of this type of deriva-

tive have been prepared and described. AUsuchcompoimdsbeara
structural dmilarity, although they vary widely in complexity. All

the R groups may be straight-chmn hydrocarbon radicals of equal

or unequal length; one or more of the R groups may be aromatic

radicals; the quaternary nitrogen atom may be part of a hetero-

cyclic ring; one or more of the R groups may contain attached

polar groups or be interrupted by a nitrogen, sulfur, or other atom;

or the R groups may be other than carbon-contfuning radicala

The quaternary ammonium compounds which fall within the

category of fatty derivatives must contiun at least one long alkyl

or alkenyl chain which constitutes an integral part of the molecule.

Although it is not possible to discuss in detail here all the high

molecular weight quaternary ammonium compounds which have

been described, we will consider a suffident number of representa-

tives of the various types to illustrate their modes of synthesis

and general characteristics.

The most general procedure for the preparation of the simple

quaternary ammonium compoimds consists of the reaction of a

tertiary amine with an alkyl ester, an example being the prepara-

tion of triethylhexadecylammonium iodide by the reaction of

N,N-diethylhexadecyIamine with ethyl iodide."* In such pro-

cedures it is evident that the long-chain hydrocarbon group may be

incorporated into the quaternary ammonium compound by two
methods. The long-chain group may be initially attached to the

nitrogen atom of the tertiary amine, as in the above example, or a

low molecular wdght amine may be treated with a high molecular

weight haJoalkane. An alternate sj^thesis of the above com-

pound would, therefore, be the treatment of triethylamine with

1-ioddhexadecane.*** The choice of procedure depends largdy

upon the compormd in question and upon the relative ease of

preparation and availability of tire starting materials. Triethyl-

hexaderylammonium iodide, mentioned above, is quite representa-

tive of quaternary ammonium salts of this type. It melts at 179-

181° and is soluble in both warm water and ethanol but insoluble

in ether. When treated with moist silver oxide it yields triethyl-

hevfljdenvlainmonium hvdroxtde.
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Recent interest in the bactericidal properties of the quaternary

ammonium salts and related substances has resulted in the prepa-

ration and study of a large number of such compounds. Among
these are the methyldialkylben^lammonium salts,^ which are

obtained by the reaction of N-methyldialkylamines with halo-

methylbenzenes, the following having been described: methyl-

dibutylben^lammonium chloride, prepared by heating MeBu2N
and C6H6CH2CI for 16 minutes at 110°, m.p. 181°; methyldihexyl-

ben^lammonium chloride, m.p. 58°; methyldioctylbenzylammo-

nium chloride, m.p. 96°; and methyldihexadecylbenzylammonium

chloride, m.p. 99°. Methylethyldidodecylammonium iodide melts

at 149°, and the corresponding nitrate has been described as a

colorless oil melting at 14°. The methosulfates are obtained by
the action of dimethyl sulfate on the tertiary amines. Dimethyl-

dihexylammonium methosulfate forms hygroscopic needles, m.p.

35°, and dimethyldihexadecylammonium methosulfate melts at

129-130°. The bactericidal activity of the methyldialkylbenzyl-

ammonium compounds towards most of the organisms investi-

gated was found to be at a maximum with the dioctyl derivative.

Westphal and Jerchel have observed that the higher 1-chloro-

paraflSns do not yield quaternary ammonium compounds when
heated with low molecular weight amines. The formation of

quaternary ammonium compounds by reaction of the higher

l-diloroparafl5ns and amines can, however, be brought about

within narrow temperature ranges. For example, dimethyloctyl-

ben^lammonium chloride is obtained by heating N,N-dimethyl-

beni^lamine with l-chloro6ctane in ethanol for 24 hours at 105°,

and dimethyldodecylbenzylammonium chloride is similarly ob-

tained in 90% yield by heating N,N-dimethylbenzylamine with

1-chlorododecane for 45 hours at 90°. Higher temperatures greatly

reduce the yield, and at 175° no quaternary ammonium salt is

obtained. High yields of trimethyloctylammonium chloride, m.p.

70°, dimethylhexadecylbenzylammonium chloride, m.p. 58°, and

trimetiiyldodecylammonium chloride are obtained at reaction

temperatures around 100°, m the presence of ethanol. Such re-

actions do not yield quaternary ammonium compounds in the

absence of solvents, or in water, benzene, or acetone. Tertiaiy

amines such as triethyl- or tributylamine react slowly with the

higher chloroparaffins, and the yields of quaternary ammoniiun

compounds from such reactions are small. The bactericidal prop-

erties of the quaternary ammoniiun compounds were pointed out
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by Domagk aad have been described in several patents.*** The
high activity of quaternary ammonium halides which contain two
lower molecular wei^t alkyl groups, a long-chain all^l group, and

a beni^l radical attached to the quaternary nitrogen has been dis-

closed.*** Such compounds are detignated as “Zephirols.” Shel-

ton *** has recently described the syntheras of a number of quater-

nary ammonium compoimds which contain a hexadecyl radical

attached to the quaternary nitrogen. Examples of these are tri-

methylhexadeiylammonium bromide, iodide, or chloride; triethyl-

hexadecylammonium nitrate; and methylhexadecylpyridinium

bromide.

The ssmtheffis of isomeric trimetiiyldodecoxyphenyiammonium

methosulfates has been described,*** the ortho, meta, and para com-

pounds melting at 102-104°, 82-83°, and 118-120°, respectively.

The preparation of the o-isomer is accomplished as follows:

The potastium salt of o-nitrophenol is heated with 1-chlorododecane in

the presence of zinc chloride. The resulting ether is then reduced by
hydrogen in the presence of platinum to o-aminophenyl dodeiyl etha,

which is treated with two moles of dimethyl sulfate to give o-(N,N-di-

methyIamino)phenyl dodecyl ether. This is then converted to the

methosulfste by heating with dimethyl sulfate for two hours at 120°.

Quaternary ammonium salts which contain a methallyl group,

CH2=0(CH3)CH2—,
together with a high mcdecular weight all^l

or alkenyl group containing from eight to twenty carbon atoms, are

obtained by treatment of tertiary amines with methallyl chloride.***

Examples of these are dimethyldodecylmethallylammonium chlo-

ride and 9-octadecenyldimethylmethallylammonium chloride.

Quaternary ammonium compounds containing a stearoyl group

have been described, an example being the product obtained by the

action of diethyl sulfate or other low molecular wei^t dialky]

sulfate or haloalkane on amines such as N-(p-dimethylamino-

benzyl)octadecanamide.*** The preparation of quaternary urea

derivatives has been disclosed, the compounds being obtained by

the action of dimethyl sulfate on N-(p-dimethylaminophenyl)-N-

heptade(ylurea, and a series of patents *** has been issued (hsclos-

ing the preparation of quaternary ammonium compounds from

N-stearoylurea.

The reaction erf chlorobenzene with N-all^l substituted anilines

such as N-dodecylanilme, followed by all^lation of the produci
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ular weight quaternary ammonium salts which contain a phenyl

group. The methylation or ethylation of N-octadecylaniline with

dimethyl or diethyl sulfate }rields phenyldialkyloctadecylammo-

nium metho- or ethosulfates, which have been described as water-

soluble, waxlike compoimds,.^ Quaternary ammonium salts which

contain a chlorophenyl group have been prepared, an example

being dimethylchlorobenzyloctylammonium bromide, obtained by
the reaction of the tertiary amine with l-bromooctane. The alkyla-

tion of the reaction products of N,N-dialkylanilines and high molec-

ular weight methylol amides yields quaternary ammonium salts.^

Somewhat similar compounds have also been described by Wolf.®®*

Niederl and Weingarten ®®® have studied the preparation of quater-

nary ammonium salts containing a naphthyl radical, an example

being dimethylheptadecyl-/3-naphthylammonium iodide, m.p. 106°.

Diamines which contain a tertiary amino group and an acylamino

group, such as N,N-diethyl-N'-octadecenoylethylenediamine, are

reactive with alkylating agents to form quaternary ammonium
compounds.®®* Piggott and Woolvin ®®® have described the prepa-

ration of quaternary ammonium compounds by the action of

1-haloalkanes and allied compounds on the higher alkyl esters of

p-dunethylaminobenzoic acid.

In addition to the numerous examples which have been reported

of the preparation of quaternary ammonium salts by the action

of alkyl or aryl halides on the tertiary amines, it has also been

shown that other compoimds which contain reactive halogens can

be condensed with the tertiary amines to produce quaternary

ammonium derivatives. Thus, the a-halo ethers are reactive with

tertiary amines to form quaternary ammonium salts,®®^ and the

esters of a-halo acids react in a similar manner.®®*-®®® The latter

may be illustrated by the reaction of N,N-dimethyloctadecylamine

with butyl 2-bromolaurate, or by the reaction between N,N-di-

methyldodecylamine and ethyl chloroacetate.

The treatment of N-(l-phenyldodecyl)dimethylaminoacetamide

with benzyl chloride yields a water-soluble quaternary ammonium
salt.®^® Bock and Houk ®^^ have recently described high molecular

weight quaternary ammonium salts which contain an aldehydo

group, and Bock®^® has disclosed the preparation of quaternary

ammonium salts by the reaction of tertiary aminomethyl amides

with halomethyl esters of primary or secondary alcohols. An ex-

ample of the latter product is N-stearamidomethyl-N-ethoxy-

methyl-N-dimethylammonium chloride.
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High molecular weight quaternary ammonium compounds in

which the quaternary nitrogen constitutes a portion of a hetero-

cyclic ring are prepared by procedures similar to those previoudy

described. They may also be obtained by reactions involving

simultaneous cyclization and alkylation. Hexadec^lpyridinium

bromide can be prepared by heating 1-bromohexadecane with

P3nidine at moderate temperatures. Fawcett and Gibson have

studied the effect of pressure upon the rate of formation of hexa-

decylpyridinium bromide at 40°, 50°, and 60°, and of hexadec^l-

P3nidiniiun chloride at 100°. It was found that the reaction rate

is accelerated by pressures up to 3000 kg./cm.^, after which it is

essentially constant. Even at the higher pressures the reaction is

not complete after 200 hours.

A series of quaternary ammonium compounds has been prepared

by Macovski by the action of 1-iodohexadecane on cyclic ter-

tiary amines, the following having been described: hexadecyl-

pyridinium iodide, m.p. 101°; hexadecylquinolinium iodide, m.p.

99°; and hexadecylisoquinolinium iodide, m.p. 75°. These salts

were reported to be relatively insoluble in water. They are con-

verted by boiling with alcoholic silver chloride into their corre-

sponding, more soluble chlorides, which melt at 110°, 114°, and 95°,

respectively. Quaternary nicotinium salts have been obtained by
the action of 1-haloalkanes such as 1-bromododecane or -octa-

decane on nicotinic acid, and it has been stated that such products

function as insecticides.®^® The N-methyl-3-, -6-, and -8-dodecoxy-

quinolinium methosulfates have been synthesized by Kuhn and

Westphal ®“ and their bactericidal properties determined. Ether-

substituted quinolinium compounds which contain a benzyl group

are obtained by the action of benzyl chloride on the substituted

quinolines. Thus 6-hexoxyquinoline is heated with benzyl chloride

to prepare 6-hexoxybenzylquinolinium chloride, m.p. 160°. 6-

Dodecoxybeniylquinolinium chloride, m.p. 182-183°; 7-dodecoxy-

benzylquinolinium chloride, m.p. 188-189°; 6-dodecoxybenzyl-

hydroxyquinolinium chloride, m.p. 167-168°; and 6-hexylthio-

ben^lquinolinium chloride are similarly prepared. The quater-

nary piperidinium salts are obtained by heating N-alkylpiperidines

with alkyl or aryl halides, and the preparation of the following has

been described: ®^^ N-benzyl-N-decylpiperidinium chloride, N-
ben^l-N-dodecylpiperidinium chloride, N-crotyl-N-octade(yIpi-

peridinium bromide, N-methyl-N-dodecylpiperidinium bromide,

and N-geranyl-N-dodecylpiperidinium chloride.
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A seriesd dipiperidinium salts has recently been cgmthesised by
Niederi and Lanzilotti by the action of bromoaUcanes cm methyl-

enedipiperidine and benzaldipiperidine. The N,N'-dialkylmethyl-

enedipiperidinium dibromides prepared by this procediire are as

follows: diheptyl, m.p. 178°; dioclyl, m.p. 162°; ditetradecyl,

m.p. 183°; and dihexadecyl, m.p. 176°. The following melting

points were reported for the N,N'-dialkylbenzaldipiperidinium

dibromides: diheptyl, 177°; dioclyl, 165°; ditetradecyl, 181°; and
dihexadecyl, 179°. The dipiperidines were obtained by condensmg

formald^yde or benzaldehyde with two moles of piperidine.

Quatemaiy ammonium compounds which contain the nitrogen as

part of a heterocyclic ring are obtained by treating pyridine,

N-all^lpyridines, or quinoline with the sulfuric esters of high

molecular weight alcohols,*^**" the products in the case of pyridine

having the general formula

Esters of a-halo adds, such as dodecyl chloroacetate, react with

cyclic tertiary amines such as pyridine to form quaternary ammo-
nium derivatives,*^^ and the o-bromo acids, such as o-bromostearic

add, also react with the cyclic tertiary amines to form quaternary

ammonium compounds,*** The preparation of a number of quater-

nary ammonium compoimds by the reaction of o-halo adds with

pyridine has been described.***

Cydization is frequently employed as a means of S3^thesizing

the quaternary ammonium salts. For example, N-(4-bromobutyl)-

diethylamine is easUy converted to the pyrrolidinium derivative as

follows:***

BrCH,CHrf3H,CH,N(C*Hs), (3Hr-CH,

N(CiHs),

CHar”^Hi Br

Littmann and Marvel *** have prepared bromo tertiary amines

of the general formula Br(CH2)nN(CH8)2,
where n has a value of

4, 5, 6, or 7, and have reported that they undergo ring dosure to

yidd cyclic quaternary ammonium salts. Thus, N,N-climethyl-

pyrrolidinium broim'de results from the cydization of N-(4-bromo-

butyl)dimethylamine, N,N-dimethylpiperidinium bromide is ob-

tuned from N-(5-bromc>pentyl)<iiinethylamine (^dd 63%), and
N,N-diinethylhexamethyleniminiuin bromide from N-(&^iomo-
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hexyl)dimethylaini]ie. These cyclic quatemaiy nitrogen com-

pounds are solids which melt at relatively high temperatures. In

a subsequent investigation^ of the quaternary ammonium salts

obtained from N-(a>-bromoheptyl)dunethylamine and its octyl,

nonyl, and decyl homologs, it was shown that the main reaction

of those bromo amines containing from seven to ten carbon atoms

inclusive in the long chain is one of linear polymerization, which

results in the formation of long-chain quaternary ammonium salts

of the following structure:

CHa r CHan
1

CHal
I

Bi—(CH^,—i— (CH,)»-N -(CHsOn-N

in. <!h,. « in,.

Such substances are described as hygroscopic materials which

vary from resinous gums through glasslike products to amorphous

solids. The observed molecular weights range from 3350 to 28,000.

Quaternary ammonium salts which contain a mixed heterocyclic

ring have been prepai'ed. For example. Hart and Niederl ^ have

described several quaternary ammonium derivatives of the long-

chain ethers of thiazoline phenols. Other examples of mixed hetero-

cyclic quaternary ammonium salts are the N-ethyl- and N-ethylol-

N-alkylmorpholinium salts.

GHjCHs R~

Nl-

which are obtained by the action of N-ethyl- or N-ethylolmorpho-

line on bromoalkanes.^^^ The following morpholinium bromides

have been synthesized by this procedure: N-ethyl-N-dodecyl, m.p.

201°; N-ethyl-N-tetradecyl, m.p. 203°; N-ethyl-N-hexadecyl,

m.p. 207°
;
N-ethylol-N-dodecyl, m.p. 92°

;
N-ethylol-N-tetradecyl,

m.p. 96°; and N-ethylol-N-hexadecyl, m.p. 97°. The symmetrical

dimorpholinium salts have recently been synthesized®” by the

action of bromoalkanes with methylenedimorpholine or benzal-

dimorpholine. The N,N'-dialkyl-4,4'-methylenedimorpholinium

dibromides have the following structure:

- CH2CH* CH*CH,

Bi^
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The c&butyl, diheptyl, dioctyl, ditetradecyl, and dihexadec^I

derivatives melt at relatively high temperatures (141-180°) with

decomposition. The corresponding benzal derivatives have the

following melting points: N,N'-dibutyl, 174°; -diheptyl, 153°;

-dioctyl, 166°
;
-ditetradecyl, 176°

; and -dihexadecyl, 178°. Dimor-

pholkdum salts have been obtained by treating dimorpholinyl-

ethane, prepared by the condensation of «y77Mli(chloroethyl) ether

and methylenediamine, successively with a high molecular weight

ester and dimethyl sulfate.*^

The preparation of quaternary ammonium compounds which

contain a heterocyclic quaternary nitrogen atom and an alkylol

amide radical has been accomplished by treatment of the reac-

tion products of high molecular weight amides and formaldehyde

with pyridine salts and allied compounds. Details of the prepara-

tion of N-(stearamidomethyl)pyridinium acetate and similar

compounds have been described by Shipp.^^^ Compounds of the

general formula

IH2CH2NHCOR

where X is a halogen and R is a high molecular weight alkyl rad-

ical, have been synthesized.®®* The preparation of quaternary

ammonium compounds by alkylation of the reaction products of

high molecular weight amides and alkylene oxides has been dis-

closed.®*® Quaternary ammonium compounds result by treating

the acylated product of p-toluenesulfonamide and formaldehyde

with pyridine.®*® Quaternary ammonium compounds which con-

tain alkoxymethylene radicals can be obtained by the action of

halomethoxyalkanes on tertiary amines of the general formula

ROCH2NR1R2 ,
where R is a high molecular weight alkyl group

and Ri and R2 are either short alkyl chains or the hydrocarbon

portion of a heterocyclic ring.®*® Alkylene chlorohydrins are reac-

tive with the heterocyclic nitrogen bases to yield products whose
alkylation results in quaternary ammonium derivatives.®*® The
preparation of oxalates of quaternary ammonium compounds which
contain a pyridinium or quinolinium group substituted by an
alkoxymethylene,—CH2OR, where R is a long-chain hydrocarbon

radical, has been described,®*^ and the use of the oxalates or other

salts of such quaternary ammonium compounds for treating cellu-

lose and allied materials has been suggested.®**

The action of sulfonating agents on quaternary ammonium com-
pounds has been studied,®*® and it has been claimed that wetting
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gents are obtained by treating certain quaternary ammonium
ompounds with organic sulfonic acids. Piggott^ has suggested

iie preparation of wetting agents by the sulfonation of such com-

ounds as dimethylhexadecylbem^lammonium chloride. The syn-

liesis of sulfur-containing ammonium compounds which contain

t least one long-chain hydrocarbon radical has been investigated.*^

Considerable experimental work has been done within recent

ears upon those quaternary ammonium compounds which contain

t least one long hydrocarbon radical and in which the quaternary

itrogen atom is attached to other than carbon atoms. In such

ompounds the quaternary nitrogen may or may not be contained

1 a heterocyclic ring. Examples of the latter type are the azonium

Uts recently described by Westphal.®" Trihexylazonium chloride,

^***^*\

C,H„^

I obtained in a 15% yield by heating 1-chlorohexane, hydrazine,

nd ethanol for 16 hours at 150^. It melts at 65^ and is extremely

oluble in water. N,N-dimethyl-N-dodecylazonium iodide, m.p.

26°, is prepared by the treatment of N-methyl-N-dodecylhydra-

ine with methyl iodide. The following compounds are ^3mthe-

ized in a similar manner: N-methyl-N-ethyl-N-dodecylazonium

romide, m.p. 82°; N-methyl-N-allyl-N-dodecylazonium chloride

nd bromide (not crystalline)
;
N,N-dimethyl-N-hexadecylazonium

lethosulfate, m.p. 99-100°; N,N-dimethyl-N-hexadecylazonium

odide, m.p. 163-164.5°; and N-methyl-N-ethyl-N-hexadecyl-

zonium bromide, m.p. 94°. Benzotriazolium bromides have been

5mthesized by the action of 1-bromoalkanes on potassium benzo-

riazole, 1,3-dioctylbeftizotriazolium bromide and l,3-didode(yl-

»enzotriazolium bromide having been obtained by this procedure.***

?hese compounds have the general formula

-Dodecylbenzotriazole yields l-dodecyl-3-methylbenzotriazolium

nethosulfate, m.p. 25°, when treated with dimethyl sulfate. The
letion of brnmoethane on 1-dodecvl- and 1-hexadecvlbenzotriazole
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yields quaternary ammoiiium compounds. l-Dode<grl<4-ethyl-

l,2,4-triazoli\un bromide, m.p. 160-152°,

N*=CHv 4. yCiHs

HjgCJiJr—CH^^Br-

has been prepared by the action of bromoethane on l-dodec^-

triasole. The high bactericidal activity of such compounds has

led to their further study and to the synthesis of quaternary am-
monium compounds which contain more than three nitrogen atoms

in the heterotydic ring.*^ A represmitative of this type com-

pound is 2,3-diphenyl-5-unde<yltetrazolium chloride.

J.N—NCeHs

which is prepared as follows: dodecanal is condensed with phenyl-

hydrazine and the resulting phenylhydrazone is treated with

benzenediazonium chloride. The resulting formazane is cyclized

with lead tetraacetate to give 2,3-diphenyl-5-undecyltetrazolium

acetate, which is converted to the chloride by treatment with

hydrochloric acid. The reactions involved are as follows:

+ HjNNHCeHs CiiHaC^’
NNHC6H6 CeHgNNCl

^ TT
^NNHCeHs FbAo4

CuHjiC^ >

\n=nc«H6

N—NCeHs HCl

N=Nfc.Hi
*

h

<N-NC.H»

N=ll'b*H6

Several compounds of this type have been i^thesized, and their

bactericidal properties have been reported to be equal or superior

to the dimethylbenzylalkylammonium halides (Zephirols).

The pyrolysis of quaternary ammonium compounds yields

ethylenic hydrocarbons and tertiary amines. The distillation of

butyltrimethylammonium hydroxide, for example, yields 1-butene

and N,N-dimethylbutylamine."^ When similarly treated, hexyl-

tiimethylammonium hydroxide gives 1-hexene (5%) and N,N-
dimethylhexylamine (73%); heptyltrimethylammonium hydrox-
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ide yields l-heptene, 1-heptanol, and N^N-dimethylheplylainine;

octyltrimethylammoniiim hydroxide yields 1-octene, l-octanol, and

N^N^limethyloctylaniine; and hexadec^ltrimethylanimoniiim hy-

droxide yields 1-hexadecene, 1-hexadecanol, and N^N-dimethyl-

hexadecylamine. The quatemaiy bases of the diamines yield un-

saturated hydrocarbons, unsaturated tertiaiy amines, and satu-

rated ditertiary amines when heated above their decomposition

temperatures.^^ In an investigation of the mechanism of decom-

position of quaternary ammonium compoimds, Hanhart and
Ingold ^ have pointed out that the hydrogen atom eliminated for

olefin formation is the one attached to a carbon atom which occu-

pies a /^-position with reference to the nitrogen atom, the liberated

electron moving to the nitrogen atom. The formation of alcohols

during the decomposition is probably a reaction competitive with

olefin formation. The relative proportions of olefins and tertiary

amines formed during such decompositions are materially in-

fluenced by the presence of carbon dioxide, the amount of olefin

being greatly decreased when the decomposition is brought about

in its presence.^^ The addition of alkali increases the rate of de-

composition of the quatemaiy bases, but does not, in general, in-

fluence the relative proportions of the resulting products. The
quaternary ammonium salts decompose with the formation of

olefins, haloalkanes or other esters, and tertiary amines, the de-

composition generally requiring more drastic conditions than

necessary with the quaternary bases.

The physico-chemical behavior of the quaternary ammonium
compounds which contain at least one long-chain hydrocarbon

group parallels that of the high molecular weight alkylamine salts.

The equivalent conductance curves of octyl-, decyl-, dodecyl-,

and hexadecyltrimethylammonium bromides show downward
breaks at critical concentrations, thus evidencing micelle formation.

The critical points occur at lower concentrations with increasing

length of the alkyl chain. Butyl- and hexyltrimethylammoniiun

bromides exhibit no discontinuities in their equivalent conductance

curves, and of the compounds examined only hexadecyltrimethyl-

anunonium bromide shows an increase in its equivalent conduct-

ance at higher concentrations. The electrical behavior of the so-

called double-long-chain salts is of unusual interest. Examples ol

such compounds are octyltrimethylammonium octanesulfonate anc

decyltrimethylammonium decanesulfonate, the equivalent con-

ductances of the aqueous solutions of which have been deter
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mined.*^ Such salts form micelles at cmicentrations much below

those of the corresponding smgle-long-chain salts.

Many uses have been proposed for the long-chain quatemaiy

ammonium salts. Their bactericidal properties are rapidly becom-

ing well recognized and they will imdoubtedly be extensively used

as disinfecting and preserving agents. Certain of the quaternary

ammonium salts possess fungicidal properties.®*® These com-

pounds have also been suggested for use in detergents,®*^ fire-

extinguishing foams,®*® the saponification of cellulose esters,®*®

wetting agents,®*^ ®*®'®*® and flotation agents.*®®-*®®
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IX

THE ALCOHOLS AM) THEIR ESTERS,

THE ETHERS, MERCAPTANS, SULFIDES,

SULFONATES, AND RELATED COMPOUNDS

THE ALCOHOLS

The aliphatic alcohols, excluding the sterols, possess the general

formula ROH. The R group may be either a straight-chain satu-

rated radical or it may contain one or more unsaturated bonds.

Only the higher primary alcohols which contain six or more carbon

atoms, together with certain high molecular weight dihydric al-

cohols and a few of the polyhydiic alcohols, are included in this

discussion.

The fatty alcohols occupy a unique position among the fatty

acid derivatives in that they are of both natural and synthetic

origins. Their occurrence as esters in many of the animal, vege-

table, and marine lipoids and waxes removes them from the

categoiy of purely synthetic derivatives. Our familiarity ^vith the

animal and vegetable waxes extends as far back as our knowledge

of the fats themselves. The advent of catalytic hydrogenation, on

the other hand, and the adaptability of such processes to the syi^-

thesis of the higher alcohols from the acids or their esters have

served to place them among the most important of the synthetic

fatty derivatives. The active interest which now exists in the fatty

alcohols and in the products derived from them is directly depend-

ent upon their present ready availability from synthetic sources.

Although the naturally occurring wax esters have ceased to be

an important source of most of the higher aliphatic alcohols, the

presence of these alcohols in such products is a subject which is

certainly not devoid of interest. In the following discussion, there-

fore, we will first consider the natural occurrence of the higher

alcohols, beating in mind, however, that most of these alcohols

have now been synthesized and can be prepared in large amounts
711
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from the corresponding acids. The close parallelism which exists

between the structures of the naturally occurring alcohols and

acids is noteworthy. For example, the saturated alcohols consist

largely of straight-chain compoimds which contain an even number
of carbon atoms, one of the most abundant of these being hexa-

decanol, which finds its counterpart in palmitic acid. One apparent

distinction between the occurrences of the alcohols and the acids

is that alcohols of quite high molecular weight, C24 and higher,

predominate in many of the vegetable waxes and in insect waxes.

These are, however, frequently associated with acids of similar

chain length. The naturally occurring unsaturated alcohols are

closely related to the acids, the double bonds generally occupying

positions similar to those occupied in the acids. Thus, the most
abundant of the unsaturated adds, oleic acid, possesses the same
alkenyl chain as the widely distributed oleyl alcohol. This struc-

tural similarity suggests a common origin. In general, it can be

stated that the occurrence of the higher alcohols in the natural

waxes and in certain lipoid materials presents a biological problem

of great interest which is well worth more study.

The saturated alcohols of intermediate molecular weight, from

dodecanol to octadecanol inclusive, occur as esters in certain

animal oils, chiefiy those of marine origin. Such alcohols are

present in rather appreciable amounts in the head, jaw, and blubber

oils of the sperm whale and other marine animals. The saturated

alcohols which have been isolated from such sources include

dodecanol, tetradecanol, hexadecanol, and octadecanol, hexadec-

anol occurring in by far the largest amounts. It is significant that

all these naturally occurring alcohols contain a normal hydro-

carbon chain and possess an even number of carbon atoms.

The presence of hexadecanol in sperm head oil was first estab-

lished by Chevreul ^ in 1817, and the waxy portion of this and allied

oils, which is commonly designated as spermaceti, has long been

a source of this alcohol. Spermaceti, which constitutes approxi-

mately 11% of crude sperm oil, consists largely of hexadecyl palmi-

tate, the esters of lower and higher homologs of hexadecanol being

present in much smaller amounts. Andr6 and Frangois ^ have
reported that the head oil of the spenn whale contains large

amounts of hexadecanol together with smaller quantities of tetra-

decanol and octadecanol. It has been estimated ’ that hexadecanol

forms approximately 40% of the alcohols present in sperm head
oil and 25% of the alcohols in sperm blubber oils. Its presence in

Arctic sperm blubber oils has been established,^ and it apparently
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occurs in veiy Edgnificant amounts (60%) in porpoise head oil.

Dodecanol and tetradecanol are present as esters in the head and

jaw oils of marine mammals, the former appearing only in traces

and the latter generally constituting a minor component.^ Ueno
and Koyama * have stated that traces of octanol and decanol are

present in sperm blubber oil in addition to small amounts of do-

decanol. Tetradecanol comprises about 8% of the alcohols of

sperm head oil ’ and is present in porpoise head oil.^ Octadecanol

is found as a minor component, 5% or less, in the various blubber

oils*. 7. 8 122 sperm head oil.^‘ Alcohols of higher molecular

weight than octadecanol, such as eicosanol, are probably present

in traces in such oils. With the exception of hexadecanol, none of

the higher alcohols is available from the marine oils in sufficient

amounts to be of practical significance.

The higher aliphatic alcohols, tetracosanol and its higher homo-
logs, occur as their fatty acid esters in the vegetable and insect

waxes, many of which waxes consist essentially of such esters to-

gether with varying amounts of hydrocarbons. In several of the

vegetable waxes one alcohol frequently appears in great prepon-

derance, whereas in other waxes the alcohols consist of mixtures

comprising three or more components. The latter is particularly

true in the case of the insect waxes. Owing to the fact that the

higher alcohols are not easily separated from one another, con-

siderable disagreement has appeared in the earlier literature con-

cerning the identity and structure of the higher alcohols from such

sources. Cognizance of this situation was taken in 1921 by Gas-

card,® who attributed these differences of interpretation to the

difficulty of obtaining the alcohols in a state of purity. Later,

Chibnall and others urged the discontinuance of the use of the

common names for the alcohols, such as ceiyl, montanyl, myricyl

or mellissyl, and others, since such names have been associated

^yiih substances now known to be mixtures. The use of scientific

names ehminates any question as to the identity of the alcohols

and is employed in our discussion except when historical considera-

tions demand otherwise.

One of the most important of the vegetable waxes, camauba wax,

contains esters of the normal aliphatic alcohols rangmg from tetra-

cosanol to tetratriacontanol. Cotton wax, palm wax, and flax

wax also contain mixtures of esters of the higher alcohols. Failure

to appreciate the fact that several alcohols, rather than a single

alcohol, are present in these waxes has led to many disagreements

among investigators.”'“ As previously stated, however, several of



714 THE ALCOHOLS

the vegetable waxes actually do appear to contain a preponderance

of one alcohol. For example, sugar cane wax and alfalfa wax con-

tain large amounts of triacontanol, wheat wax contains octacosanol,

and the wax from cocksfoot grass contains hexacosanol.

The presence of esters of the higher alcohols in beeswax was first

pointed out by Brodie/* and the subject of the identity of these

alcohols has been a matter of considerable controversial discus-

sion.“' The erroneous conclusion has frequently been advanced

that those alcohols which are present in the insect waxes contain

an uneven number of carbon atoms. All the insect waxes, Chinese

insect wax, psylla wax, beeswax, and others, contain mixtures of

even-carbon-membered alcohols, hexacosanol and triacontanol ap-

parently being among the major alcohols present.

The mineral waxes, such as montan wax, which is obtained by
the extraction of peat or allied materials, contain appreciable

amounts of the higher alcohols.^® Since such materials are probably

of vegetable origin, the presence of these higher alcohols is not

surprising. Small quantities of normal aliphatic alcohols are

present in wool wax,^^ the unsaponifiable portion of which consists

mainly of cholesterol.

The unsaturated alcohols which occur in natural products are

quite closely related structurally to the naturally occurring unsatu

rated fatty acids. Thus, as has been stated befoi;p, it is significant

that the most abundant of the unsaturated alcohols, 9-octadecenol

or oleyl alcohol, is structurally related to oleic acid. Oleyl alcohol

waa first recognized by Tsujimoto as a constituent of sperm oils,

and its presence in such oils was later confirmed by Toyama.®*^®

The wide distribution of this alcohol in the fish and marine mammal
oils has been pointed out by Toyama.®® Oleyl alcohol has been

stated to constitute 66-70% of the alcohols of sperm body oil ®

and 30% of the alcohols of porpoise head oil.^ A number of other

mono- and polyethenyl alcohols have been identified in the natur-

ally occurring fats and waxes. 5-Tetradecenol (physeteiyl alcohol)

and 9-hexadecenol (zoomaryl alcohol) have been isolated from

sperm head oil;®^ decenol has been identified in sperm blubber

oil,® and two highly unsaturated alcohols, C20H33OH and C22H35
-

OH, have also been isolated from the latter oil.®® Ethylenic alcohols

of low molecular weight are apparently present in certain plant

waxes.

Of the alcohols which are associated with the natural oils, none

has occasioned more biological interest than the dihydric ether
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alcohols, chimyl, batyl, and sekchyl alcohols. Such alcohols are

present in the unsaponifiable portion of certain marine oils, par-

ticularly the liver oils, in some of which they occur in appreciable

amounts. Attention was first directed to these alcohols by Tsuji-

moto and Toyama in their studies of the unsaponifiable fraction

of fish liver oils, in which oils they occur as their diesters.^^ Weide-

mann in 1926 showed that such alcohols are split by hydriodic

acid, and two years later Heilbron and Owens observed that

batyl alcohol yields octadecyl iodide when similarly treated. Sub-

sequent investigations showed batyl alcohol to be 2,3-di-

hydroxypropyl octadecyl ether, the naturally occurring alcohol

being dextro-rotatory. Selachyl alcohol differs from batyl alcohol

in having a double bond in the 9-position, and chimyl alcohol is a

homolog of batyl alcohol. The accepted formulas and melting

points of these alcohols are as follows: chimyl alcohol, CH3(CH2)i 5
-

0CH2CH(0H)CH2(0H), 60.6-fil.5°; batyl alcohol, CH3(CH2)i7
-

0CH2CH(0H)CH2(0H), 70-71°; selachyl alcohol, CH3(CH2)7
-

CH :CH(CH2)80CH2CH(0H)CH2(0H). These three alcohols are

generally found together, selachyl alcohol usually occurring in the

largest amount and chimyl alcohol in the smallest. Lovem has

postulated that such alcohols are formed by the partial hydrogena-

tion of glyceride molecules, since they are present in substantial

amounts (37%) in rat-fish liver oil, an essentially non-glyceride

oil. The relationship of these alcohols to the glycerides and the

wax esters is a matter of biological interest and will undoubtedly

receive further study.

The esters of the higher alcohols may be saponified by essen-

tially the same procedures as are applied to the glycerides. Boiling

with alcoholic potassium hydroxide rapidly saponifies the esters

present in spermaceti and other waxes, the higher alcohols being

obtained by diluting the alcoholic soap solutions with water.

Owing to the limited water solubilities of the higher alcohols in

comparison to glycerol, the commercial saponification of their

higher esters presents certain difiSculties not experienced with the

glycerides. Whereas glycerol is readily removed in the aqueous

layer, the higher alcohols appear in the fat or soap phase and are,

therefore, difficult to separate. Many of the proposed procedures

for the commercial preparation of the higher alcohols from sperma-

^ti and the vegetable and insect waxes involve saponification

procedures which yield water-insoluble soaps from which the

alcohols may be separated with ease. One of the most important
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of these processes consists of heating spermaceti with an excess

of calcium oxide containing a small amount of water. The product

is heated in a still to remove the water, and the higher alcohols are

then distilled from the calcium soaps. The distillation is preferably

accomplished under reduced pressure. Yields of 40 to 46% of

hexadecanol from crude spermaceti have been claimed for this

process. The separation of higher alcohols from the insoluble soaps

may also be accomplished by filtration,** centrifugation, or the use

of selective solvents. Separation of the alcohols by the centrifuga-

tion of a refrigerated solution of the soaps and alcohols diluted with

solvents has been proposed,** and many novel processes have been

patented for the separation of the higher alcohols from spermaceti

or allied substances. Such procedures include hydrolysis or

saponification followed by extraction of the alcohols with petroleum

ether; *^ dry saponification followed by removal of the alcohols with

superheated steam; *® drying of the saponified mixture followed by
solvent extraction;*® reduction of the esters with sodium and

alcohol followed by a separation of the resulting alcohols;*^***

hydrogenation followed by saponification and extraction;*® ex-

traction of the saponified mixture with liquid sulfur dioxide; and

azeotropic distillation.®^ Hexadecanol may be prepared by the

saponification of spermaceti with aqueous potassium hydroxide

followed by the addition of pyridine, which is a preferential solvent

for the alcoholic component.®* Mixtures of potassium soaps and

higher alcohols have been separated by extraction with chlorinated

hydrocarbon solvents.®*

The separation of the saturated from the unsaturated alcohols

may be accomplished by the use of preferential solvents, liquid

sulfur dioxide ®® and carbon disulfide ®® having been proposed for

this purpose. The purification of the waxes by removal of the

resinous material with benzene prior to saponification has been

suggested.®®

Preparation of the Higher Alcohols

The s3mthesis of the higher aliphatic alcohols has been studied

for many years, and this work has resulted in a gradual abandon-

ment of the long and tedious procedures formerly employed for

their preparation. The more recent catalytic processes which

have been developed have removed the higher alcohols from the

category of comparatively rare chemicals and have established

them as industrially important compounds.



PREPARATION 717

One of the earliest procedures for the synthesis of the alcohols ^

consists of treating the silver salts of the fatty acids with iodine,

the alcohol being obtained by the saponification of the resulting

ester. The preparation of pentadecanol by the action of iodine on

silver palmitate proceeds as follows:

2Ci6H8iC02Ag + I2 —> 2AgI + CO2 + C16H81CO2C15H31

C16H81CO2C16H81 + HjO CibHsiOH + C16H81CO2H

It will be noted that the resulting alcohol contains one less

carbon atom than the original acid.

Alcohols are the major product formed by the reduction of alde-

hydes with nascent hydrogen, although the diflSculty of obtaining

the higher aldehydes in reasonable yields and in a state of purity

greatly reduces the value of this procedure. The preparation of the

alcohols from the corresponding aldehydes was probably first

accomplished by Bouis and Carlet," who obtained heptyl acetate

by the reduction of enanthaldehyde with zinc and acetic acid.

The saponification of the ester yields heptanol. This reaction was
later repeated ^ using sodium amalgam and dilute sulfuric acid as

the reducing agents. Krafft “ obtained decanol, dodecanol, tetra-

decanol, hexadecanol, and octadecanol by the reduction of their

respective aldehydes with zinc and acetic acid. The aldehydes

were obtained by heating the barium salts of the fatty acids with

barium formate. The preparation of alcohols by this method is

not employed commercially because of the lack of feasible methods

for the synthesis of the aldehydes; however, the process still retains

considerable interest, as evidenced by the more recent proposals

to form and reduce the aldehydes simultaneously.“ In such

processes the calcium soap of the fatty acid is heated with calcium

formate in the presence of a suitable solvent, hydrogen, and a

catalyst, at elevated temperatures and pressures. It has subse-

quently been observed that the calcium soap of the acid may be

replaced by an alkali soap, an example being the preparation of

octadecanol by heating sodium stearate, calcium formate, and a

solvent in the presence of hydrogen and a catalyst at elevated

pressures.

The reduction of the esters of the fatty acids in an alkaline me-
dium, first proposed by Bouveault and Blanc,“ offers a satisfactory

procedure for the laboratory preparation of the higher alcohols and

has been employed on a limited scale for their commercial sjmthe-
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sis. The method consiste of adding an excess of metallic sodium to

an alcoholic solution of an ester, the reaction being as follows:

RCO2R' + (4H) RCH2OH + R'OH

Prior to the development of catalytic hydrogenation, sodium

reduction was generally employed for the s3mithesis of the higher

alcohols. Meyer and Reid have reported the preparation of the

nonnal aliphatic alcohols from decanol to octadecanol by reduction

of the esters of the corresponding acids with metallic sodium and

butanol, the yields ranging from 81 to 87%. The reduction of

ethyl caproate by sodium and ethanol is a satisfactory method for

the preparation of hexanol.®® Methyl myristate is easily reduced

to tetradecanol by sodium and butanol.®^ a,eo-Diols are obtained

by reduction of the dialkyl esters of dibasic acids, Chuit and

Hausser®* having reported the following yields of a,ci)-diols by

reduction of the corresponding dimethyl esters with sodium and

absolute ethanol: 1,15-pentadecanediol, 56.5%; 1,16-hexadec-

anediol, 55%; 1,18-octadecanediol, 41.6%; 1,19-nonadecanediol,

33.3%; 1,20-eicosanediol, 33.6%; and 1,21-heneicosanediol, 23.5%.

The diols from 1,9-nonanediol to 1,16-hexadecanediol had been

synthesized earlier by the same procedure.®® Yields of 60 to 90%
of the higher alcohols result from the reduction of the triglycerides

with sodium and ethanol.®® The reduction of alkyl esters to

alcohols by sodium in butanol has been patented,®^ and it was

later stated that such procedures are quite satisfactory for the

preparation of higher alcohols from naturally occurring triglyc-

erides such as coconut oil.®® Branched-chain alcohols are obtained

by reducing the corresponding ethyl esters,®® ethyl 2-ethylpalmitate

yielding 2-ethyl-l-hexadecanol, and ethyl 2-octylcaprate yielding

2-octyl-l-decanol. Activated aliuninum in absolute alcohol may
be employed for the reduction of the alkyl esters, providing cata-

lysts such as zinc chloride, copper chloride, or metallic zinc are

present.®^ The reduction of the marine animal waxes, such as

spermaceti, with sodium and the lower alcohols has been pro-

posed ®® for the preparation of the higher alcohols.

Nascent hydrogen is effective only for the reduction of polar

groups, and consequently sodium-alcohol reductions and similar

processes offer convenient methods for the preparation of the

unsaturated alcohols. Details have been published ®® for the reduc-

tion of butyl oleate to oleyl alcohol, and the process is of general
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adaptability for the reduction of such esters to alcohols. The
recommended procedure is as follows: *

A 5-1. round-bottomed flask is fitted with a wide-bore Y adapter and

two wide-bore reflux condensers. Three liters of anhydrous butyl

alcohol . . . and 507 g. (1.5 moles) of butyl oleate ... are placed

in the flask, and 180 g. (7.8 gram atoms) of clean sodium, cut in approxi-

mately 2.5-cm. cubes, is added in one lot and the flask connected to

the condensers. The reaction is rather sluggish at first, requiring about

one-half hour to reach the boiling point of ^e butyl alcohol . . . , but

then becomes quite vigorous. With two condensers no difficulty is

encountered in taking care of the refiux, but, if the reaction becomes

too vigorous or excessive foaming occurs, wet towels should be placed

on the flask until the reaction is again under control. . . . Toward
the end of the reaction the flask is placed on a heated sand bath and

gentle refluxing maintained until all the sodium has reacted. The
heating is stopped temporarily, 160 cc. of water is added gradually

through the condenser, and the solution is again refluxed gently for one

hour. ... At the end of this time the heating is stopped and 1.2 1.

of water is added. The flask is well shaken and the mixture allowed to

separate into two layers. The lower aqueous layer of sodium hydroxide

is siphoned off and discarded. . . .

About 200 g. of solid sodium chloride ... is added to the flask,

and the butyl alcohol is removed by steam distillation. . . . The
alcohol layer is separated while still hot . . . ,

transferred to a 1-1.

beaker, and heated on a hot plate with stirring until the temperature

reaches about 160^. By this time all the water is removed and foaming

has stopped. . . . The hot liquid is transferred to a 1-1. Claisen flask

having a 25-cm. fractionating side arm, and distilled at 3 mm. After

a small fore-run of 5-10 g., the main fraction boils at 177-183®/3 mm.
and amounts to 330-340 g. (82-84 per cent of the theoretical amount).

Butanol is much preferable to ethanol since the procedure is

less dangerous and less time-consuming. Esters of the highly

unsaturated adds are easily reduced to the corresponding alcohols,

a yield of 70-72% of linoleyl alcohol having been reported from

the reduction of methyl linoleate with sodium and butanol.®^ The
reduction of methyl linoleate with sodium in ethanol gives a 45%
yield of linoleyl alcohol with no apparent reduction of the double

bonds.®® The sodium reduction of the esters of the dienoic acids is

apparently attended by some shifting of the double bonds toward

a conjugated position, since studies of the molecular refraction

and absorption curves of the linoleyl alcohol obtained by the reduo-

* The reader should consult the original for detailed precautions.
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tion of methyl linoleate show it to be a mixture of 9,12- and 10,12-

octadecadien-l-ols.**

A modification of the Bouveault and Blanc procedure, suggested

by Prins,^ has been reported to give higher yields of the alcohols

in many instances. The modification, in general, consists of dis-

solving the ester in ether and then placing the solution over aqueous

sodium acetate. Sodium strips are added and acetic acid is dropped

in slowly, care being exercised to maintain the ether layer either

neutral or slightly acid. The ether layer is rotated slowly by stir-

ring during the process. Ethyl capiylate yields 90% of 1-octanol

vrhen so treated. The method has been foimd to be satisfactory

for the preparation of chaulmoogryl alcohol from ethyl chaul-

moograte.^^ Low yields of chaulmoogryl alcohol are obtained by
the reduction of chaulmoogric acid with sodium in amyl alcohol.^

The large excess of metallic sodium required for reduction of the

fatty esters to alcohols has long been a deterring factor in the

commercial acceptance of this process. It has been proposed

to conduct this reduction with close to the theoretical amount of

sodium by suspending the sodium in a hydrocarbon solvent, such

as xylene, then adding to this suspension the ester to be treated,

together with the alcohol and more hydrocarbon solvent. Such a

process has been stated to be adaptable to the reduction of the

alkyl esters, the glycerides, and the waxes. The reduction of the

higher esters by sodium and an alcohol in the presence of an

aliphatic ether has been proposed, an example being the prepara-

tion of ricinoleyl alcohol by the reduction of methyl ricinoleate in

the presence of ferf-butyl alcohol and an aliphatic ether.

The higher molecular weight primary, secondary, and tertiary

alcohols can be prepared by the Grignard method, and recourse

to this procedure is often advisable, particularly for the prepara-

tion of certain tertiary alcohols. The synthesis of primary alcohols

by this method is accomplished by treating an alkylmagnesium

halide with formaldehyde, the product being subsequently hy-

drolyzed. The reactions are as follows:

>OMgBr hoh
RMgBr + HCHO H2C< > RCHgOH + MgBr(OH)

^R

Hexadecylmagnesium bromide gives a 53% yield of 1-hepta-

decanol, and heptadecylmagnesium bromide a 64% yield of 1-

octadecanol by the above procedure.^^ The reaction of the higher

aldehydes with Grignard reagents yields secondary alcohols, thus:
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yOMgX hoh
ECHO + R'MgX - RCH< > RR'CHOH + MgX(OH)

^R'

An example of the above reaction is the preparation of 2-methyI-

4-decanol by the action of heptanal on isobutylmagnesiiim bro-

mideJ* Ketones react with Grignard reagents to yield tertiary

alcohols, thus:

yOMgX hoh
R2CO + R'MgX RaOC: > RaR'COH + MgX(OH)

The reaction of esters and add chlorides with Grignard reagents

is similar to that of the ketones. In such reactions it is possible

that ketones are first formed, the chlorine of the acid chloride or

the alkoxy group of the ester replacing the alkyl group of the

Grignard reagent. This method is frequently used for the prepara-

tion of high molecular weight tertiary alcohols. Korshak ^ has

synthesized 1
,
1-dihexadecyl-l-octadecanol, (Ci6H33)2Ci8H350H,

by the action of two moles of hexadecylmagnesium bromide on one

mole of ethyl stearate, and has also prepared 1
,
1-diphenyl-l-

octadecanol from two moles of phenylmagnesium bromide and one

of ethyl stearate. Phenylmagnesium bromide when treated with

stearone yields 18-phenyl-18-pentatriacontanol. 3-Methyl-3-do-

decanol is obtained by the action of ethyl bromide and magnesium

on 2-undecanone.^* Ryan and Dillon have prepared a series of

tertiary alcohols by the action of Grignard reagents on esters of

palmitic and stearic acids. The tertiary alcohols so prepared in-

clude 1
,
1-dimethyl-, 1

,
1-diethyl-, and 1

,
1-diphenyl-l-hexadecanol,

and 1
,
1-dimethyl-, 1

,
1-diethyl-, 1

,
1-dipropyl-, and 1

,
1-diphenyl-l-

octadecanol. The production of tertiary alcohols by the action of

Grignard reagents on the naturally occurring glycerides and waxes

has been described,^ it being claimed that the reaction proceeds

smoothly in the presence of ethers or other inert solvents and a

small amount of a tertiary amine.

The production of the higher alcohols by the catalytic hydro-

genation of the esters of the fatty acids or of the fatty acids them-

selves is a comparatively recent development. Since the higher

alcohols are intennediates in the hydrogenation of the fatty acids

or their esters, the final products being hydrocarbons, it follows

that their successful preparation by this procedure depends upon
the use of preferential catalysts and the application of rather

^edfic reaction conditions. The catalysts ordinarily employed
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for the hydrogenation of eihylenic bonds, such as metallic nickel

or cobalt, are not satisfactory in general for the preparation of the

higher alcohols, since they yield hydrocarbons rather than the

desired alcohols, under the high temperatures and pressures in-

volved. The catalysts which have been found to be satisfactory

for this reduction can be broadly described as mixed oxides which

function only under high pressures and at relatively high tempera-

tures. Such catalysts exhibit a high degree of specificity for the

reduction of carboxy and carbalkoxy groups. Many of them do

not catalyze the hydrogenation of unsaturated carbon-to-carbon

linkages to any material extent, and the further reduction of the

hydroxyl group of the alcohol does not occur appreciably under

the optimum conditions for alcohol formation.

The initial disclosures for the preparation of higher alcohols by
catalytic hydrogenation confine themselves to the reduction of the

alkyl esters of the fatty acids to the corresponding alcohols. Pat-

ents issued to H. Th. Bohme A.-G. in 1930-1936 “ disclose the

preparation of 1-dodecanol from ethyl laurate, \>y hydrogenation

at 300—400° under 100-200 atmospheres in the presence of a finely

divided metallic copper catalyst. Hydrogenation of the fatty

esters to alcohols in the presence of oxide catalysts was also dis-

closed in 1930.®* The hydrogenation of the acids themselves offers

a more practical method for the commercial preparation of the

higher alcohols, since the process of esterification is thereby

avoided. This was soon realized, and a patent issued to I. G.

Farbenind. A.-G.** disclosed the vapor- or liquid-phase hydrogena-

tion of aliphatic or cycloaliphatic mono- and polycarboxylic acids

to the corresponding alcohols. These hydrogenations were con-

ducted imder high hydrogen pressures in the presence of salts or

oxides of metals such as copper, nickel, iron, cobalt, or silver, or of

free metals of the second to fourth groups of the periodic system.

The alcohols so obtained may be esterified with fatty acids for the

preparation of S3nithetic waxes. Metallic copper upon kieselguhr

has been proposed ** as a catalyst for the hydrogenation of fatty

adds to alcohols, and compounds which reduce to metallic copper

under reducing conditions are effective in promoting such hydro-

genations. For example, the fatty acids or their esters are reduced

to alcohols in the presence of copper carbonate at 315° under 140

atmoi^heres hydrogen.®* The copper catalyst may be prepared

by the addition of sodium carbonate to a solution of copper acetate,

the precipitated carbonate being washed and reduced in a stream

of hydrogen at 190-200°.*® Copper soaps have been employed as
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catalysts for such hydrogenations,^ and the hydrogenation of the

copper soaps themselves has been reported to give good 3delds of

the higher alcohols. The zinc, lead, manganese, cobalt, and mer-

cury soaps of the higher acids have also been suggested as cata-

lysts.*® A study®® of the effects of various catalysts upon the

high-pressure hydrogenation of the fatty acids or their esters

showed that hydrogenations in the presence of metallic nickel

under 200 atmospheres pressure, at temperatures above 350°,

yield hydrocarbons with the same number of carbon atoms as the

original acids. When metallic copper is used as the catalyst at

temperatures not exceeding 320°, the corresponding alcohols are

formed. Mixed catalysts, such as copper chromite, zinc and copper

chromates, or nickel and copper zincates, were observed to be

effective catalysts for the preparation of alcohols. Temperatures

above 400° result in hydrocarbon formation irrespective of the

catalyst employed. The hydrogenation of ethyl oleate in the

presence of a copper chromate catalyst at 270-280° yields 80-90%
of 1-octadecanol.®^ This alcohol is obtained in 17% yield by the

hydrogenation of castor oil in the presence of a cobalt catalyst

under 200 atmospheres pressure at 220°. The use of large amounts
of catalyst reduces the pressure required to bring about the re-

duction.

The metallic chromites and closely allied compounds are appar-

ently the most effective catalysts for the hydrogenation of the acids

or their esters to the corresponding alcohols. A 97.5% yield of

dodecanol was reported by Adkins and Folkers ®® to result from
the hydrogenation of 0.13 mole of ethyl laurate in the presence of

three grams of copper chromite at 250° and 220 atmospheres.

Ethyl myristate yields 98.5% of the theoretical amount of tetra-

decanol when similarly treated. The preparation of the copper

chromite catalyst has been described by Adkins and Connor.®®

In 1932, Lazier ®* described the hydrogenation of the fatty acids

to higher alcohols by passing such compounds in the liquid phase

over catalysts consisting preferably of the chromites of hydro-

genating metals. Temperatures between 300° and 400° were

observed to be optimum, and pressures above 100 atmospheres

were generally employed. Glycerides may also be reduced to

alcohols by hydrogenation in the presence of cadmium-copper-

zinc chromate catalysts,®* which are quite preferential for the

hydrogenation of the ester group. A second hydrogenation with

metallic nickel is used if saturated alcohols are desired. The hydro-

genation of esters in the presence of composite catalysts which may
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contain one hydrogenating metal or its oxide with or witho

promoters, such as the oxides of manganese, zinc, magnesium,

chromium, has been described.** The reduction of compoun
which contain the oxide of a hydrogenating metal and an amm
nium chromate yields active catalyats, an example being the cat

lyst prepared by decomposing Ni20(NH4)2(Cr04)2 and reducii

the product in hydrogen.*^

Although it has been observed that mixed oxide catalysts, aj

particularly the chromites of hydrogenating metals, are efiFecti

catalysts for the hydrogenation of acids and esters to alcohols,

has also been found that the presence of small amounts of oth

materials greatly increases their activities. Such substances a

generally referred to as promoters. The addition of ferric oxic

for example, to a copper-chromium oxide catalyst has been o

served to reduce materially the amount of unchanged ester in t

hydrogenated product.**'®* Compounds of barium, calcium, ai

magnesium have also been found to increase the activity of metal

chromite catalysts.^** The presence of barium in a copper chromi

catalyst exerts a decided promoting effect, and a mixture of bariu

and copper chromites is frequently used as a catalyst. The prep

ration of this catalyst has been described by Lazier and Arnold,

the procedure employed being as follows:

A mixture of 26 g. (0.1 mole) of C.P. barium nitrate and 800 cc.

distilled water is warmed to 70®. After solution is complete 218

(0.9 mole) of C.P. cupric nitrate trihydrate is added and the mixti

stirred at 70° until a clear solution results. . . .

A solution of ammonium chromate is prepared by dissolving 126

(0.5 mole) of C.P. ammonium dichromate in 600 cc. of distilled wai

and adding 150 cc. of 28 per cent aqueous ammonia (sp. gr. 0.9). .

The warm solution of the nitrates is stirred (hand stirring is adequal

while the ammonium chromate solution is poured into it in a tl

stream. Stirring is continued for a few minutes, after which the reddi

brown precipitate of copper barium ammonium chromate is collect

. . . and pressed in a 16-cm. Buchner funnel, and dried at 110°. T]

dry precipitate is placed in a loosely covered nickel pan . . . ,
or o

or two small porcelain casseroles covered with watch glasses, a
heated in a muffle furnace for one hour at 350-450°. ... At this poi

the yield of chromite should be about 160 g. The ignition residue

pulverized in a mortar to break up any hard lumps that may be pr
ent . . . and then transferred to a 2-1. beaker containing 1.2 1. of

per cent acetic acid. After being stirred for ten minutes the mixti

is allowed to settle. After about ten minutes, two-thirds or more
the spent acid solution is decanted and replaced by 1.2 1. of fresh
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per cent acetic add, and the extraction is repeated. The residue is

washed by repeating the extraction procedure four times with 1.2 1. of

distilled water each time. . . . The insoluble portion is collected by
filtering with suction on a Buchner funnel, dried at 110^, and ground

in a mortar to a fine black powder. The yield is 130-140 g.

Many other catalytic combinations have been proposed, some
of the most important of which are as follows: mixed cadmium
and copper chromites;^®* cadmium-copper-zinc chromite;^®* Ni,

Co, Cu, Fe, Pt, Pd, or their oxides mixed with acidic oxides such

as those of chromium, aluminum, molybdenum, or tungsten ;^®^

mixtures of nickel, copper, or cobalt with magnesium oxide; ^®^ and
mixtures of zinc and copper.^®® Komori has compared the effi-

ciencies of the chromates of magnesium, cadmium, mercury,

strontium, cobalt, and manganese and has reported that the

cadmium and cobalt salts are the most active of this group.

The preparation of the higher unsaturated alcohols by the hydro-

genation of imsaturated acids or their esters offers many points of

interest. The catalytic reduction of unsaturated acids in the

presence of copper-cadmium catalysts 3delds the corresponding

unsaturated alcohols.^®® The hydrogenation of oleic acid or cotton-

seed oil over a mixed catalyst consisting of the chromites of zinc,

copper, and cadmium yields a mixture of saturated and imsatu-

rated alcohols.^®® Komori “® has reported that the hydrogenation

of erucic acid in the presence of zinc chromite yields large amounts
of 1-docosenol together with much smaller amounts of 1-docosanol

and 1-docosene. The ethyl esters of rice oil fatty acids, when
hydrogenated in the presence of an iron chromite catalyst at 320®

under 120 atmospheres, give an 80% yield of unsaturated al-

cohols.^^^ Although ferric oxide is less active than ferric chromite,

the use of 50% of this catalyst yields 76% of the theoretical

amount of unsaturated alcohols. The use of cadmium chromate

mixed with molybdic oxide has been suggested for the preparation

of highly unsaturated alcohols.^^ The hydrogenation of the ethyl

ester of erucic, oleic, or linoleic acid in the presence of a zinc-

chromium oxide catalyst produces the unsaturated alcohol in high

yields.^* Highly unsaturated alcohols are also formed by the

hydrogenation of soybean oil in the presence of this catalyst,

which is prepared by heating ammonium zinc chromate at 450®, or

by hydrogenation in the presence of a mixture of chromium tri-

oxide and zinc oxide at 550®. It has been postulated that the

hydrogenation of a glyceride in the presence of this catalyst in-

volves an initial hydrolysis.^^®
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Sauer and Adkins have compared the effects of various cata-

lysts on the relation between the rate of hydrogenation of ethylenic

linkages and the rate of hydrogenation of carbalkoxy groups. In

the hydrogenation of the alkyl esters of oleic acid, zinc-chromium

oxide is active towards the carbalkoxy group, yielding unsaturated

alcohols; copper-chromium oxide gives saturated alcohols, thus

showing activity towards both the carbalkoxy group and the

ethylenic bond; and copper-molybdenum oxide 3delds the satu-

rated ester, thereby indicating a preferential hydrogenation of the

ethylenic bond. Zinc-vanadiiun oxide and zinc-molybdenum oxide

are inferior to zmc-chromium oxide for the hydrogenation of the

carbalkoxy group.

The partial hydrogenation of a fatty acid or ester frequently

yields substantial amounts of esters of the higher molecular

weight alcohols, the esters resulting from the esterification by the

remaining fatty acids of the alcohols formed during the reaction.

For example, Sauer and Adkins observed that the reduction of

butyl oleate at 283-300® for eleven hours, in the presence of a

zinc-chromium oxide catalyst, gives 63-65% of octadecenol; how-

ever, when the reduction is continued only for eight hours, the

product contains 46% of octadecenol and 34% of octadecenyl

oleate. The hydrogenation of ethyl oleate at 300° for five hours,

in the presence of a zinc-vanadium oxide catalyst, gives 55% of

octadecenyl oleate, whereas a copper-vanadium oxide catalyst at

275° for five hours gives 63% of octadecyl stearate. In general,

weak hydrogenating catalysts give high yields of esters, either

saturated or unsaturated depending upon the specificity of the

catalyst employed. Unsaturated esters are obtained when unsatu-

rated acids are hydrogenated in the presence of metallic oxide

catalysts containing metalloids of the fourth, fifth, or sixth group

of the periodic system.^^* Copper-chromium oxide catalysts whose
activities have been reduced by the addition of sulfur or phosphorus

compounds have been proposed for the preparation of the higher

esters.

Schmidt has observed that the chief product of the hydrogena-

tion of castor oil in the presence of a cobalt catalyst is 1,12-octa-

decanediol, and it has been reported that hydrogenation of

ricinoleic acid, ethyl ricinoleate, or castor oil in the presence of

the chromites of cadmium, copper, and zinc yields this diol as the

main product. Dihydric alcohols, such as 1,4-butanediol, are

obtained by the hydrogenation of the esters of the corresponding

dicarboxylic acids.^^®
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The general procedure employed for the hydrogenation of adds

or esters to alcohols consists of passing these substances in the

liquid phase over the catalyst, the system being imder high hy-

drogen pressure. Many modifications of this method have been

suggested. Green,^ for example, has proposed a process whereby

the alcohols are removed as soon as they are formed, in order to

prevent their further reduction.

The production of secondary alcohols has been accomplished by
the hydrogenation of metallic soaps.^^ The catalytic hydrogenation

of ketones yields secondary alcohols, catalysts such as the chro-

mates, molybdates, tungstates, or uranates of copper, zinc, or

cadmium generally being employed to effect such reductions.

Aldehydes such as oleyl aldehyde 3rield the corresponding unsatu-

rated alcohols when similarly treated.^^'^^* High-melting waxes

are obtained by the high-pressure hydrogenation of ketones in the

presence of iron catalysts. Secondary alcohols result when
mixtures of calcium acetate and calcium soaps are treated with

hydrogen under high pressure in the presence of a copper catalyst

and a solvent, The hydrogenation of anhydrides of the fatty

acids in the presence of catalysts such as copper chromite yields

high molecular weight alcohols.^^^ Mixed anhydrides such as that

of boric and stearic acids are preferably employed in this process.

High molecular weight secondary alcohols have been obtained by
first converting the acids to methyl alkyl ketones and then hydro-

genating these ketones at 100° imder 40 atmospheres pressure in

the presence of a nickel catalyst.^^^ The hydrogenation of oxidized

petroleum hydrocarbons has been reported to yield higher al-

cohols. The high molecular weight ethers when hydrogenated at

150-250 atmospheres hydrogen pressure in the presence of a nickel

catalyst yield higher alcohols. example, dodecyl ben^l ether

when so treated is converted into toluene and 1-dodecanol.

The carboxylic acids and their esters are reduced to alcohols by
the action of hydrogen activated by the silent electric dischaige,^®

it having been claimed that high 3rields of 1-dodecanol are obtained

by the reduction of ethyl laurate under these conditions. Such
processes have not, as yet, proved to be of commercial significance.

The hydration of olefins is a well-known procedure for the prepa-

ration of the lower molecular weight alcohols. Such reactions take

place in the presence of sulfuric acid or other acidic catalysts, the

addition product being subsequently or simultaneously hydrated

to yield the desired alcohols. These processes, however, are not

very satisfactory for the preparation of the higher alcohols because
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of the tendency of the higher olefins to polymerize in the presence

of sulfuric acid.”® The preparation of hi^er alcohols by hydra-

tion of high molecular weight olefins in the presence of metallic

sulfates or concentrated sulfuric acid has been patented.^®^ The
synthesis of 1,10-octadecanediol by the hydration of oleyl alcohol

has been studied by Seek and Dittmar.^” Low yields of 1,10-

octadecanediol are obtained by the use of concentrated sulfuric

acid followed by hydrolysis of the addition product; however,

50% yields of the glycol result from the use of glacial acetic acid

mixed with dilute sulfuric acid. The reaction of potassium acetate

and acetic acid on 1,10-dibromooctadecane gives fair yields of the

glycol, whereas the use of silver acetate and acetic acid results in a

quantitative conversion. The hydrogenation of 10-hydroxystearic

acid gives low yields of 1,10-octadecanediol. Glycols such as 1,10-

and 1,12-octadecanediol are partially dehydrated to the unsatu-

rated primary alcohols when heated at 250-300° in the presence

of oxide catalysts.^”

Alcohol mixtures result from the condensation of carbon monox-

ide and hydrogen in the presence of catalysts. Effective catalysts

for this reaction are the salts of silver, copper, or zinc and an acidic

oxide, together with an alkali or alkaline-earth oxide.^®^ The
preparation of alcohols from methanol to 1-octanol by the action

of carbon monoxide and hydrogen in the presence of mixed oxide

catalysts has been the subject of an extensive investigation.^®®

Higher alcohols have been obtained from carbon monoxide and
hydrogen by first oxidizing the condensation product and then

hydrogenating the oxidized material in the presence of a copper

chromite catalyst.^*® Alcohols from l-propanol to 1-nonanol in-

clusive have been prepared by passing the vapors of methanol and
ethanol mixed with hydrogen over catalysts consisting of mag-
nesium oxide mixed with small amounts of heavy metal oxides.”^

High molecular weight ethynyl carbinols of the general formula

RR'C(OH)C:CH, where R and R' are long-chain hydrocarbon

radicals, result from the action of metal acetylides on high molecu-

lar weight ketones in the presence of liquid ammonia. The alcohol

is obtained by hydrolysis of the condensation product.”® The
treatment of the fatty acids or their esters with formaldehyde

followed by hydrogenation of the resulting condensation products

has been stated to yield higher alcohols.”® Preparation of higher

alcohols by deamination of high molecular weight amines has been

discussed previously (Chapter VIII).
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Physical Properties of the High Molecular Weight
Aliphatic Alcohols

The straight-chain primary alcohols possess lower melting and

boiling points than the corresponding acids. 1-Dodecanol and its

lower homologs are liquid at room temperature. The lower alcohols

have sharp, pungent odors; those of intermediate molecular wei^t
have pleasant, rather fruity odors; the higher alcohols, 1-tetra-

decanol and its higher homologs, are odorless.

The freezing points, boiling points, refractive indices, and densi-

ties of the 1-alkanols from 1-butanol to 1-hexatriacontanol are

shown in Table I.

TABLE I

PEEYSicAii Properties op 1-Al.kanols

Alcohol F.P., “C B.P , “C. njy df

Butanol 117 4 1.39931 0.80978

Pentanol -79 * 138 1.40994 0.8144

Hexanol -51.6* 157.2 1.41790 0.8186

Heptanol -34.1 • 176.3 1.42410 0.8219

Octanol -16.3 194.5 1.42920 0 8246

Nonanol -5 215 1.43347 0.8274

Decanol 6.88 120i2 1.43682 0.8297

Undecanol 15.85 131i5 1.43922* 0.83342*

Dodecanol 23 95 15020 .

.

0.83092^

Tndecanol 30 03 155-15615

Tetradecanol 38 26 170-17320 0.8236**

Pentadecanol 43.9

Hexadecanol 49 62 190i5 0.8105“

Heptadecanol 53.9

Octadecanol 57.98 210i6 0.8124“

Nonadecanol 61.65 166-167o 82

Eicosanol 65 5 * 2203

Heneicosanol 68.5* 178o4
Docosanol 70.6 180o 22

Tricosanol 74* 191-1930 7

Tetracosanol 74.8 21(^ 40

Pentacosanol 79 • 214-2160.86

Hexacosanol 78 8

Octacosanol 82 25

Nonacosanol 84.1

Triacontanol 86.3

Dotriacontanol 88.9

Tetratriacontanol[ 91.6

Hexatriacontanol 92.6

[Denotes melting point.
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The fatty alcohols ciystallize in double molecules which are

joined at their hydroxyl groups. Their long crystal spacings,

therefore, relate to twice the length of a sin^e molecule. When
the melting points of the saturated aliphatic alcohols are plotted

against the number of carbon atoms, the lower members show an

appreciable alternation; however, this alternation becomes negligi-

ble for the higher members. The meltiug points of 1-dodecanol

and its higher homologs apparently fall upon a continuous curve.

This difference between the higher and lower alcohols must be

related to a difference in structural configuration. It is known
that alternation is characteristic of those series whose members
possess tUted chains and that those series in which the members
have vertical chains do not exhibit this property. In a study of

the thermal properties of the higher alcohols, Meyer and Reid

noted decided arrests in the cooling curves of the alcohols 1-tri-

decanol to 1-octadecanol inclusive, below their freezing points.

An arrest in the cooling curve of 1-hexadecanol below its freezing

point had previously been reported.^" Such cooling curves,

therefore, show two arrests, one at the solidification point of the

alcohol and another at a transition point in the solid state. A
visual change in the crystal form takes place at this second arrest,

the transparent crystals which first appear becoming white and

amorphous. This transition takes place a few degrees below the

melting point. The second arrest was not observed for pure 1-

dodecanol or its lower homologs. In 1934, Phillips and Mum-
ford,^" in a study of the dimorphism of the higher alcohols, ob-

served that the freezing point curve of the transparent a-form of

the alcohols intersects the melting point curve of the opaque jS-fonn

in the vicinity of the C13 alcohol. 1-Dodecanol and its lower homo-
logd first solidify in the transparent a-form, which is then trans-

formed, on standing, into the higher-melting, opaque jS-form. In

the case of 1-dodecanol the freezing point of the a-form is 21.6°,

and the melting point of the /3-fonn is 23.8°. In such instances the

change from the a- to the iS-form is monotropic. Since the freezing

point curve of the a-forms and the melting point curve of the /3-

forms cross in the vicinity of the C13 alcohol, a different thermal

behavior is observed for 1-tetradecanol and its higher homologs.

Such alcohols solidify in the a-fonn but change enantiotropically

into the j9-form on cooling. Thus the alcohols from 1-tetradecanol

upward melt in the a-form. The transition arrests which appear

on cooling exhibit alternation, in that those of the even members
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are on a higher curve than those of the odd members. On heating,

such arrests are obtained only in the case of the odd alcohols.

The transition temperatures (a —> 0) obtained on cooling 1-tetra-

decanol and its higher homologs have been reported to be as

foUows: Ci4, 35.0 ± 0 .2°; C15, 38.9 db 0. 1°; Cie, 46.0 =fc 0.2°; C17,

47.3 dt 0.1°; C18 ,
53.6 ± 0.2°; and C19 ,

54.0 =fc 0.2°. Transitions

in the heating curves for the odd alcohols appear at the following

temperatures: Cis, 42.5°; C17, 51.2°; and C19, 58°. Malkin

has determined the long crystal spacings of the alcohols from 1-

dodecanol to 1-pentacosanol inclusive, and has reported that the

odd alcohols always possess vertical chains, whereas the stable

form of the even alcohols contains a chain tilted at an fingle of

55°40^ The latter form of the higher alcohols changes into the

vertical modification somewhat below the point of fusion. His

conclusion that the vertical form is characteristic of the odd al-

cohols was, however, questioned by Phillips and Mumford on

the basis that a transition from the a-transparent form (vertical)

to the /3-opaque form (tilted) is obtained for both the odd and the

even alcohols which contain fourteen or more carbon atoms.

Wilson and Ott have suggested that such a transition may be

from a vertical rotating chain (a-form) to a vertical non-rotating

chain (/S-form), a transition which would not involve a change in

apparent chain length or a difference in the angle of tilt. The
changes in side spacings which accompany changes in rotation

were investigated by Malkin,^^ who observed two main spacings

(3.7 and 4.2 A) for the /3-form of the C15, C17, and C19 alcohols, but

only one (4.2 A) for the a-form, thus indicating that the a —> /3 tran-

sition of the odd alcohols does not necessarily involve a transition

from a vertical to a tilted chain. Considerable support has been

obtained for this contention by other independent investigators.

Bernal has observed a hexagonal, rotating form for crystals of

1-dodecanol at 16-24°, the distance between the chains being

4.761. X-ray data indicate a hexagonal cell containing two

molecules which form a double layer and lie on triad axes, the

molecules rotating about their long axes. 1-Hexadecanol was

observed to have an inclined double-layer structure. Baker and

Smyth have made an extensive investigation by the dielectric

constant method of the possible rotation of long-chain molecules

in the solid state. The dielectric constant of l-hexadecanol rises

sharply upon solidification. It was observed, however, that the

a-form, which exists between the freezing point and the transition
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point, shows the dielectric bdiavior of a viscous liquid. It was

therefore concluded that the alcohol molecules in the a-form possess

a freedom of rotation which decreases with falling temperatures.

It was pointed out that this is consistent with the lower density

of the o-form. The long ciystal spacings of the even alcohols from

1-octadecanol to 1-tetratriacontanol have been determined by
Francis, Collins, and Piper and are recorded in Chapter V.

The melting points of mixtures of 1-hexacosanol and 1-octacosanol

have been reported by Piper, Chibnall, and Williams.

The structure of the liquid state of the primaiy saturated al-

cohols presents many points of interest. Stewart has stated that

although there is substantial agreement that the molecules of

aliphatic alcohols lie generally parallel, the suggestion has been

made that there is no transverse space relationship of the polar

pairs. It was concluded, however, that the polar groups in the

alcohols have a three-space relation in the liquid state. The
absence of alternation in the liquid state is evidenced by the facts

that the heats of combustion and also the molecular volumes of

the liquid alcohols form continuous series and that the refractive

increments are essentially constant. The following heats of com-

bustion Qv and Qp (in kg. cal. 15°), have been reported by Verkade

and Coops for some of the 1-alkanols: 1-butanol, 638.3, 639.5;

1-pentanol, 794.1, 795.6; 1-hexanol, 950.1, 951.9; 1-heptanol,

1106.4, 1108.4; 1-octanol, 1262.7, 1265.0; 1-nonanol, 1418.3,

1420.9; 1-decanol, 1573.9, 1576.9. The average Ach2
is 156.3 kg.

cal. 15°. The molecular volumes (cc.) and Ach2 (cc.) for these

alcohols at 35.6° are as follows: C4, 92.76, — ;
C5, 109.56, 16.80;

Ce, 126.34, 16.78; C7, 143.09, 16.75; Cg, 159.76, 16.67; C9, 176.36,

16.60; Cio, 192.95, 16.59; Cn, 209.55, 16.60; and C12, 226.15, 16.60.

The liquid alcohols are highly associated, the association prob-

ably taking place by means of hydrogen bonding (O—H

—

168,164 Verkade and Coops have stated that the degree of asso-

ciation of the higher alcohols apparently decreases for the higher

members of the series. Since the heats of combustion increase by
constant increments, it was suggested that the heats of association

must be quite small, since otherwise it is necessary to assume that

the molecular heat of association increases as the series is ascended.

The dipolar absorption bands of 1-octanol show that the

absorption maxima for frequencies 5, 10.5, 18, and 26 m. lie be-

tween 30° and —40°, the temperature decreasing with increasing

frequency. When the alcohol is slowly cooled to —43°, it is



PHYSICAL PROPERTIES 733

transformed into a white, glassy mass and the absorption bands for

the above frequencies disappear. When the temperature is re-

turned to —'35°, the absorption reappears but shows two maxima.

For 1-hexadecanol in the temperature range of 50° to 100°, the

shorter the wavelength the more the maximum is displaced toward

the’ higher temperatures. From a comparison of the absorption

bands of 1-hexadecanol with those of other alcohols, it is apparent

that with increasing niunber of carbon atoms the absorption

maximum occurs at higher temperatures. The continuous absorp-

tion spectrum of the higher alcohols in the vapor state has been

investigated,^" and it was reported that the dissociation eneigy

of the C—OH bond varies from 133.6 to 152.6 kg. cal./mole for

the series CH3OH to n-Ci2H250H.

Owing to the fact that the high molecular weight unsaturated

alcohols are difficult to prepare in a state of high purity, few re-

liable constants for such compounds have been reported in the

literature. The melting points are appreciably lower than those

of their saturated counterparts, and most of the ethylenic alcohols

which contain eighteen or less carbon atoms are liquid at ordinary

temperatures. Several terminally unsaturated primary alcohols

containing an uneven number of carbon atoms have been prepared

and described,^®^ The following physical constants were reported

for these alcohols: 10-undecenol, f.p. —2°, 63 122°; 11-dodecenol,

611 138°, df 0.840; 12-tridecenol, 69 149-150°, di® 0.845; and 14-

pentadecenol, m.p. 32-33°, 610 170-172°. Oleyl alcohol, cfa-9-

octadecen-l-ol, has been described ^®* as an oily liquid which

solidifies at about 2° and boils at 208-210° at 15 mm. Other

constants for this alcohol are: 63 177-183°, d^ 0.8489, and np
1.4607." Its irana isomer, elaidyl alcohol, is a solid, m.p. 36-37°,

6i8 216°, dj® 0.8388, and 1.4552. Erucyl alcohol, cis~13-

docosen-l-ol, melts at 34.4-36.5° and boils at 240.6-241.5° at 10

mm. Linoleyl alcohol, prepared by the reduction of methyl linole-

ate by sodium in dry butanol, melts at —5° to —2° and has

0.8612 and 1.4782.®^ According to Kass, Miller, and Burr,^®*

the linoleyl alcohol so prepared, as shown by its molecular refrac-

tion, contains 10,12-octadecadien-l-ol in addition to 9,12-octadec-

adien-l-ol. A linoleyl alcohol obtained by the reduction of methyl

linoleate with sodium in anhydrous ethanol showed a freezing

point below —16° and nf) 1.4698.®® The bromination of this al-

cohol yields a tetrabromide which melts at 87.3°. Linolenyl

alcohol, prepared by the reduction of methyl linolenate, is a color-
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less, oily liquid, 1.4792. CSiaulinoogtyl alcohol is a solid which

melts at 36°.

The biandied-chain alcdiols melt at appreciably lower tempera-

tores than the isomeric normal alcohols. Thus 1-ethyl-l-hexa-

decanol melts at 15° and 1-octyl-l-decanol at —8°.** An inter-

esting series of isomeric hexadecanols having the general formula

IIR'CHCH20H has been prepared by Cox and Reid.^“ The ob-

served melting points are as follows: (R, R', m.p.) H, Ci4H2g,

49.3°; CHs, C13H27, 12-13°; C2H6, C12H26, -0.2°; C3H7, CuH23,
5.5°; C4H9, CioHai, -14.5 to -14°; CeHn, C»Hi9, -9 to -8°;

C#Hi3, CsHia, —30 to —26°; C7H16, C7H16, —25 to — 18°.

A series of high molecular wei^t tertiary alcohols have been

prepared by Ryan and Dillon ” by the action of Grignard reagents

on high molecular weight esters. The following melting points were

observed: 2-methyl-2-heptadecanol, 35°; 3-ethyl-3-octadecanol,

34-35°; 1,1-diphenylhexadecanol, 47-48°; 2-methyl-2-nonadecanol,

44r-45°; 4-propyl-4-heneicosanol, 28-30°; and 1,1-diphenyloctadec-

anol, 58°.

The higher molecular weight o,co-glycols, HO(CH2)zOH, which

have be«i syntherazed by the reduction of the dimethyl

esters of the corresponding dicarboxylic adds, possess the following

melting points: (C atoms, m.p.) 9, 45.8°; 10, 77.2°; 11, 62-62.5°;

12, 80.8°; 13, 76.4^-76.6°; 14, 84.8°; 15, 88°; 16, 91.4°; 17, 96-

96.5°; 18, 98.6-99°; 19, 101°; 20, 103°; 21, 105-105.5°; and 22,

105.3-105.5°. The 1,12-octadecanediol which is obtained by the

catalytic reduction of ricinoleic acid melts at 66-67°.

The solubilities of 1-decanol, 1-dodecanol, 1-tetradecanol, 1-

hexadecanol, and 1-octadecanol in a large number of organic sol-

vents have recently been investigated.^* The solubility behavior

of the alcohols in organic solvents is quite similar to that of the

nitiriles and the fatty adds. They form eutectics with the non-

polar solvents benzene, cyclohexane, and tetrachloromethane, the

ccnnpodtions and temperatures of which are drown in Table II.

The alcohols are quite soluble in ethyl ether, the solubilities in

this solvent exceeding those in the non-polar solvents and in other

di^tly polar solvents such as trichloromethane, ethyl acetate, and
butyl acetate. The solubilities of the alcohols in ethyl ether are

drown in Table III.

The alcohols are quite soluble in the moderately polar solvents

acetone and 2-butanone. In tire lower alcohols (metiranol, 95%
ethand, 2-propanol, and l-butanol), the hi^er alcohols become
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TABLE n
Eutectics Formed bt Alcohols

No. of C Atoms

Solvent 10 12 14 16 18

Benzene
|

[Wt. % Alcohol 38.0 23.9 6.5 1.7 0.8

[Temp. -7.5® 2.5® 5.2® «<6.5‘ »5.6‘

Cyclohexane [ Wt. % Alcohol 29.3 15.8 5.6 1.4 0.4

[Temp. -10.8® -0.9® 4.8® 6.0® 6.5‘

Tetrachloro-

.

I Wt. % Alcohol 6.7 1.1 0.1 .... ....

mpthiyTift [Temp. -25.2® -23.3® -23.0®

TABLE III

Solubilities of Alcohols in Ethyl Ether

No.

of C
Atoms

Grams per 100 g. Ethyl Ether

-40 0® -20 0® 0.0® 20 0® 30.0® 34.5®

10 8 0 38.9 520 00 00 00

12 1 4 5.3 44.2 960 00 00

14 0.1 1.2 9 3 100 380 1180

16 0.1 3 0 26 1 76 123

18 . 0.5 7.7 26.4 46

more soluble at lower temperatures as the molecular weight of

the solvent increases; however, at higher temperatures the relative

solubilities are reversed and the alcohols are almost as soluble in

methanol as in the non-polar or slightly polar solvents. The solu-

bilities of the higher alcohols in acetone and 95% ethanol are

shown in Tables IV and V respectively.

TABLE IV

Solubilities of Alcohols in Acetone

No.
of C
Atoms

Grams per 100 g. Acetone

-20.0® 0.0® 10.0® 20.0® 30.0® 40.0®

10 13.6 335 00 00 00 00

12 1.6 12.9 75 1150 00 00

14 <0.1 2.4 8.7 38.6 340 00

16 . 0.1 1.3 6.7 30.9 290

18 0.1 1.1 7.0 41.4
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TABLE V

SOLUBnJTIEB OF ALCOHOLS IN 95% EtHANOL

Grams per 100 g. 95% Ethanol

No. of C
Atoms -40.0® -20.0® 0.0® 20.0® 30.0® 40.0®

10 7.1 43.6 1150 00 00 w
12 0.6 4.2 52 2120 00 00

14 ,

.

0.4 6.4 105 630 00

16 . .

.

. . . 1.8 15.9 89 430

18 ... .... 0.2 5.0 22.2 120

The solubilities of the alcohols in the highly polar solvents

nitroethane and acetonitrile are so limited that the systems exist

as two immiscible solutions over considerable ranges of concentra-

tions. It is very interesting, however, that the range of immisci-

bility becomes smaller with increasing molecular weights of the

Fig. 1. Solubihties of alcohols m nitroethane.

alcohols. This is strikingly illustrated in Fig. 1, which shows the

solubilities of the alcohols in nitroethane, in which the immiscible

range is absent for both 1-hexadecanol and 1-octadecanol.

Although the solubility behavior of the alcohols is considered by
many to be greatly influenced by molecular association, it is appar-
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ent that this phenomenon alone is not sufficient to explain all of

their observed solubility characteristics.

Chemical Properties of the High Molecnilar Weight
Aliphatic Alcohols

The most characteristic reaction of the alcohols is esterification.

Such reactions are discussed later in this chapter and the properties

of the high molecular weight aliphatic esters of both inorganic and

organic acids are considered in some detail.

Oxidative reactions involvmg the higher primary alcohols first

yield aldehydes, which are then further oxidized to the correspond-

ing acids. For example, the oxidation of 1-heptanol yields hepta-

noic acid with the probable intermediate formation of heptanal.^^

The incomplete oxidation of the higher alcohols with potassium

dichromate and sulfuric acid 3delds significant amounts of high

molecular weight esters together with other products.^®*^®®*^®'

High yields of aldehydes are produced ^®* by passing the lower

alcohols, mixed with a limited amount of air, over a metallic cata-

lyst, although unsatisfactory 3delds of the higher aldehydes are ob-

tained by this procedure. It has been stated,^®® however, that if

an excess of the alcohol vapors mixed with air be passed over a

silver catalyst at reduced pressures (20 to 40 nun.) at 230-300®,

high yields of the corresponding aldehydes result. For example,

an 80% yield of 1-dodecanal has been obtained from dodecanol by
this method.

The oxidation of primary alcohols to the corresponding acids

may be accomplished by treatment with anhydrous sodium or

potassium hydroxide at elevated temperatures (240-250®), hydro-

gen being evolved.^^® Although the higher alcohols yield soaps of

the corresponding acids together with hydrogen when heated with

alkali hydroxides, those alcohols which contain less than seven

carbon atoms are also partly dehydrated to the corresponding

olefins when so treated.^^^

Hydrogenation of the aliphatic alcohols yields saturated hydro-

carbons. These are frequently formed in significant amounts
during the preparation of alcohols by the high-pressure hydrogena-

tion of the fatty acids or their esters. Such hydrocarbons result

from further hydrogenation of the alcohols. For example, the

hydrogenation of fats at 350® imder 200 atmospheres pressure, in

the presence of nickel, 3rields appreciable amounts of saturated

hydrocarbons. The hydrogenation of esters in the presence of
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mixed oxide catalysts at temperatures above 400^ results in the

further hydrogenation of the resultiug alcohols to saturated hydro-

carbons."

The thermal decomposition of the higher alcohols is a subject of

appreciable interest, inasmuch as the initial decomposition can

proceed in two directions. Such decompositions involve either a

dehydrogenation of the alcohol with the formation of an aldehyde,

thus:

RCH2OH -> ECHO + Ha

or a dehydration to yield an olefin, thus:

RCHaCHaOH RCH=CHa + HaO

The type of decomposition encountered is largely determined by

the reaction conditions and by the presence of various catalytic

materials. Generally, secondary reactions take place so that the

final product is frequently quite heterogeneous. A study of the

non-catalytic decomposition of a number of the lower molecular

weight alcohols at constant pressure and at temperatures between

300° and 526° showed that reactions of dehydration and subsequent

polymerization, and reactions of dehydrogenation followed by the

splitting off of carbon monoxide or by polymerization, proceed

simultaneously. The non-volatile products of the dry distillation

of 1-hexadecanol contain large amounts of unsaturated hydro-

carbons.^^* The free-energy change for the dehydration of 1-

alkanols has been stated to conform approximately to the

equation

AF = 15,100 - 1410n - 25.6T

where n is the number of carbon atoms and T is in degrees Kelvin.

Subsequent studies upon the effect of high temperatures on the

alcohols have shown that the nature of the resulting decomposition

is materially influenced by various catalysts. Dehydrating cata-

lysts such as aluminum oxide, thorium oxide, phosphoric acid, and
other oxide catalysts greatly favor reactions of dehydration,

whereas metallic catalysts such as nickel or copper promote dehy-

drogenation reactions. When 1-hexadecanol is passed over an
aluminum oxide catalyst at 325-350°, the product consists almost

exclusively of 1-hexadecene, the reaction apparently being one of

dehydration.^^* On the other hand, when the decomposition is

conducted in the presence of zinc oxide, the gaseous phase consists
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largely of hydrogen and the product contains substantial amounts

of polymerized hexadecanal. It is, therefore, apparent that under

such conditions zinc oxide promotes the dehydrogenation reaction.

Chromium trioxide and also ferric oxide bring about both de-

hydration and dehydrogenation, as indicated by an analysis of

both the solid and the gaseous products. Activated aluminum
oxide is the contact catalyst most frequently employed for the

dehydration of the higher alcohols to olefins, and dehydrations in

the presence of this catalyst probably yield the normal olefins and

not branched-chain olefins as has been reported.”® Thus, the

dehydration of 2-octanol in the presence of alumina yields a mix-

ture of 1-octene and 2-octene with a minimum of branched-chain

isomers.^” 1-Heptene has been shown to be the principal prod-

uct of the dehydration of 1-heptanol over activated alumina at

380-400°. Likewise, the dehydration of 1-hexanol and 1-octanol

over aluminum oxide at 350° yields the corresponding 1-alkenes

as the main products.^” The higher alcohols are dehydrated by
treatment with phosphoric acid at elevated temperatures. For
example, a mixture of 1-octene and 2-octene results when 2-octanol

is dropped into anhydrous phosphoric acid heated to 225°.^*®

Although it has been stated that a similar treatment of 1-octanol

yields pure 1-octene, Whitmore and Herndon have reported that

the dehydration of this alcohol by means of heated phosphoric acid

involves a rearrangement with the formation of a mixture of 1-

octene and 2-octene in the approximate ratio of 2:1. 2-Octanol

under-such conditions yields a 1:4 ratio of 1-octene and 2-octene.

A comparison of the dehydrating activities of zinc chloride,

phosphoric acid, and sulfuric acid for the conversion of 2-octanol

into octenes has indicated that sulfuric acid is the most effective

catalyst.

When the higher primary alcohols are passed over reduced

nickel catalysts at 250° under 100-200 atmospheres of hydrogen,

the liquid product consists essentially of the next lower saturated

hydrocarbon, its formation being attributed to hydrogenolysis.^**

Undecane, tridecane, and heptadecane have been prepared by this

method. The formation of these saturated hydrocarbons, however,

does not necessarily involve hydrogenolysis, since it has been

shown that undecane is formed by the dehydrogenation of 1-

dodecanol in the presence of metallic nickel, irrespective of whether

the reaction is conducted in an atmosphere of hydrogen or nitro-

gen. The isolation of some dodecanal from the reaction product
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indicates that undecane results from a cleavage of carbon monoxide

from dodecanal, the reaction proceeding as follows:

C12H26OH — CuHmCHO -h H*

CiiHjsCHO CuHm + CO

In a study of the decomposition of 1-heptanol in the presence of

nickel at 220^, Boeseken and van Senden obtained high yields

of hexane together with heptanal and some unchanged 1-heptanol.

When the decomposition was conducted in the presence of carbon

dioxide, the product contained both hexane and 1-hexene, the

latter probably resulting from p3rrolysis of the aldehyde into 1-

hexene, hydrogen, and carbon monoxide. When 1-octanol is

passed in the vapor phase at elevated temperatures over zinc

chloride, a vigorous reaction results with the formation of octenes

and lower olefins. The presence of aldehydes in the product indi-

cates that both dehydration and dehydrogenation are encoun-

tered.^** The decomposition of the higher alcohols in the presence

of mixed catalysts, the components of which exert independent

action, has been made the subject of an interesting study.^*^ The
pjrrolysis of the higher alcohols in the presence of mixed dehydrat-

ing and dehydrogenating catalysts first yields olefins, the further

dehydrogenation of which forms polyolefins. When alcohols are

passed over an alumina^chromium oxide catalyst, a simultaneous

dehydration and dehydrocyclization is encountered with the

formation of aromatic hydrocarbons. It was reported that benzene

and toluene are obtained from 1-hexanol and 1-heptanol, respec-

tively, whereas 1-octanol gives a mixture of aromatic hydrocarbons.

Since dehydration occurs at lower temperatures (200-300°) than

dehydrogenation and cyclization (450°), the reaction was con-

ducted at the higher temperature.

Alcohols react with isocyanates to form urethans, which are

esters of substituted carbamic acids. Since these urethans are

quite easily prepared and are definitely crystalline, they are fre-

quently used as identifying derivatives for the higher alcohols.

The method of preparation generally consists of heating the alcohol

with a slight excess of an isocyanate and crystallizing the resulting

uietban ironx the appropriate solvent. The reaction of 1-dodecanol

with phenyl isocyanate is illustrative of the preparation of the

C«H*N=C3=0 + HOCiaHae C^NHCOaCi2Hs^
The p^yl urethans have long been employed for the identifica-

tion of the higher alcohols. It has been found, however, that the
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oe-naphthyl ureihans and the substituted phenyl urethans

such as the p-nitrophenyl urethans and the 3,5-dmitrophenyl

urethans are equally satisfactory derivatives. The melting

points of the phenyl, a-naphthyl, and 3,5-dinitrophenyl urethans

of some of the more important higher alcohols are shown in

Table VI.

TABLE VI

Melting Points of Urethans of Primary Aliphatic Alcohols

Melting Points, **C.

Phenyl o-Naphthyl 3,5-Dinitropheny]

Alcohol Urethan Urethan Urethan

Butanol 57 71 64

Hexanol 42 59 58

Heptanol 68 62 47

Octanol 74 66 61

Nonanol 62 .

.

52

Decanol 60 71 57

Undecanol 62 62

Dodecanol 80 ,

,

Pentadecanol 72 ,

,

Hexadecanol 73 82 ,

,

Octadecanol 80 . 88

10-Undecenol 54.5-55 , ,

,

Elaidyl alcohol 55 71 .

.

0-, m-, and p-Nitrophenyl urethans have been prepared from

several of the higher alcohols, the list including: (alcohol, m.p. of

urethan) o-nitrophenyl urethans: 1-octanol, 44°; 1-nonanol, 34°;

1-undecanol, 37°; ?n-nitrophenyl urethans: 1-octanol, 63°; 1-non-

anol, 66°; 1-undecanol, 56°; p-nitrophenyL urethans: 1-hexanol,

103°; 1-heptanol, 102°; 1-nonanol, 104°; 1-undecanol, 99.6°. The
p-xenyl urethans of several of the lower molecular weight alcohols

have also been prepared.^” n ^00^ stated that the 4'-iodo-

biphenylyl urethans,^®® prepared by heating the alcohols with

4'-iodobiphenylyl isocyanate, are quite satisfactory derivatives for

the identification of the higher primaiy alcohols. The following

melting points were reported for these compounds: (alcohol, m.p.

oi urethan) methanol, 191°
; ethanol, 290-290.5° l-pxopanol, 159°

;

1-butanol, 173-174°; 1-pentanol, 166.5°; 1-hexanol, 166°; 1-hep-

tanol, 150-151°; 1-octanol, 148-149°; 1-nonanol, 148.5-149°;

1-decanol, 147°; 1-undecanol, 146.5°; 1-dodecanol, 146°; 1-tri-

decanol, 144-144.5°; 1-tetradecanol, 142-143°; 1-pentadecanol,
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141.5^; l-hexadecanol, 138-138.5^; 1-heptadecanol, 138.5°; and
1-octadecanol, 137.5°.

Carbamates of the higher alcohols are prepared by heating the

lower esters of carbamic acid with the alcohols. Thus, the action

of ethyl carbamate with 1-octadecanol yields octadecyl carbamate

with the evolution of ethanol.^®*

Several aromatic esters of the higher alcohols have been pro-

posed as derivatives for their identification. Malone and Reid
have prepared the 3,5-dinitrobenzoates of the normal alcohols

from methanol to 1-decanol by the procedure of Reichstein.^®®

Such esters show an alternation in the melting points of the odd and
even members, the following values having been reported: (ester,

m.p.) propyl, 73.0°; butyl, 62.5°; pentyl, 46.4°; hexyl, 58.4°;

heptyl, 46.9°; octyl, 60.8°; nonyl, 52.2°; and decyl, 56-57°. The
3,5-dinitrobenzoates of several of the lower molecular weight

alcohols have been prepared and their optical properties investi-

gated.^®' The p-nitrobenzoates have been obtained by the action

of the alcohols on p-nitrobenzoyl chloride in the presence of sodium

hydroxide.^®*

The higher alcohols can be made to enter into a variety of con-

densation reactions. They may be condensed, for example, with

ethylene oxide to form high molecular weight ether alcohols which

are useful as wetting agents.^®® Mixtures of the condensation prod-

uct of ethylene oxide and oleyl alcohol with substances such as

N-(2-hydro3Qrethyl)dodecylamine have been stated to function as

wetting agents.®®® 1-Hexadecanol has been condensed successively

with etiiylene oxide and propylene oxide and the resulting product

sulfonated to increase its water solubility.®®^ The higher alcohols

have been condensed with lower aldehydes such as formaldehyde

in the presence of hydrogen halides to yield products which may
be further treated for the preparation of a variety of water-soluble

derivatives.®®® The acyl derivatives of sugars, such as pentaacetyl-

glucose, may be condensed with the higher alcohols in the presence

of dehydrating agents for the preparation of glucosides. Such
products have been sulfonated and the neutralized products have
been stated to possess high wetting properties.®®®

ESTERS OF THE HIGHER ALCOHOLS

Esters of Inorganic Acids

The esterification of the higher aliphatic alcohols by morganic

adds or allied compounds yields the corresponding alkyl or alkenyl
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esters, many of which are of considerable academic and commmnal
importance. Such compounds include the high molecular weight

alkyl or alkenyl halides, sulfates, phosphates, thiocyanates, and
many others. A number of representatives of this class of com-

pounds have been prepared and their properties described.

The alkyl or alkenyl halides are formed from the high molecular

weight alcohols by replacement of the hydroxyl group by a halo-

gen. The reactions employed do not differ fundamentally from

those used for the preparation of the lower molecular weight

halides, although the higher alcohols generally react much more
slowly and consequently require somewhat more vigorous condi-

tions for their complete esterification. The action of the phos-

phorus halides upon the higher molecular weight alcohols has been

extensively employed for the preparation of the corresponding

halides. The action of the phosphorus chlorides or bromides on

the higher molecular weight alcohols is generally attended by the

formation of secondary products with a resultant lowering in the

yield of the desired halide. Satisfactory yields of the higher

alkyl chlorides have been obtained by the action of phosphorus

trichloride and zinc chloride on higher alcohols.^ The presence

of zinc chloride increases the yields of alkyl chlorides from the alco-

hols and phosphorus pentachloride, although this reagent is not

satisfactory for the preparation of 1-chlorohexadecane. Thionyl

chloride also converts the higher alcohols into the corresponding

chlorides, the reaction proceeding in either the presence or the

absence of a solvent such as benzene. The reaction of the higher

alcohols with phosphorus iodides presents somewhat of a contrast

to the above, these reactions generally proceeding veiy smoothly

and giving high yields of the desired iodides. Such reactions are

generally accomplished by heating the dry alcohol with a mixture

of red phosphorus and iodine, the time and temperature required

varying with the particular alcohol. An 85% yield of l-iodohexa-

decane from 1-hexadecanol has been reported by the use of this

procedure,^^ and it has frequently been employed for the synthesis

of the long-chain iodoalkanes.^

The preparation of the haloalkanes by esterification of the corre-

sponding alcohols with halogen acids is an old and well-known

process. In the case of the higher alcohols, some unsaturated

hydrocarbons are formed along with the halides when the alcohols

are refluxed with constant-boiling hydrobromic add.^ Norris

and associates have studied the influence of the structure of an
alcohol upon its reactivity with constant-boiling hydrobromic acid.
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Relatively poor 3riel(is are obtained with the primary alcohols,

whereas the secondary alcohols give better yields and the tertiary

alcohols high yields of the halides. The reaction takes place much
more slowly with increasing molecular weight of the alcohols, and

a large excess of the acid is required. However, the addition of

sulfuric acid to the reaction mixture permits of the application of

this method to the preparation of the higher molecular weight

bromides.^ The higher alkyl bromide separates as a layer which

is removed immediately in order to avoid decomposition. The
preparation of lauryl bromide has been described as follows: *

In a 250 cc. round-bottomed flask are placed 70 g. of HBr (48%),

22 g. of cone. H2SO4,
and 40 g. of lauryl alcohol. The mixture is boiled

under a reflux condenser for five to six hours. The solution is diluted

with water and the bromide layer is separated, washed once with a

little cold cone. H2SO4 ,
then with water, and finally with dilute sodium

carbonate solution. The product is distilled under reduced pressure.

The yield is 49 g. (91% of the theoretical).

The preparation of 1-bromododecane, -tetradecane, and -octa-

decane by a substantially similar procedure has been described in

detail.2^®*2ii Guyer and others have studied the effects of tem-

perature and various catalysts upon the esterification of 1-hexa-

decanol by the halogen acids. Both zinc chloride and zinc sulfate

were observed to be effective catalysts for the esterification of the

alcohol with hydrochloric acid. The activity of the former was
attributed to the formation of a complex, ROH-2ZnCl2, which

then reacts with the acid to form a chloroalkane. Cadmium
chloride is less catalytic than zinc chloride, and sulfuric acid,

sodium sulfate, and copper sulfate were reported to be without

effect. Hydrogen bromide reacts readily at 140-150° with 1-hexa-

decanol in the absence of a catalyst, and a quantitative yield of

1-iodohexadecane results when the alcohol is heated with 65%
aqueous hydrogen iodide for two hours, the final temperature being

120°. These halides are also formed when hexadecyl stearate is

similarly treated. The iodoalkanes are obtained when alkali metal

iodides are treated with chloroalkanes in organic solvents.^^^ The
preparation of l-iodooctane by the action of sodium iodide on 1-

ch^orooctane in tetrahydrofurfural has been described.

The 1-chloroalkanes are liquids which are insoluble in water,

but appreciably soluble in most organic solvents. The following

* Excerpted from Kamm and Marvel, Organic Sgntheses, Coll. Vol. 1, Gil-

man, editor, pp. 27-28, John Wiley A Sons, New York (1932).
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physical constants have been reported ^ for several of these esters:

(number of C atoms, b.p., di, rio) 6, 136-136®, 0.8759^®, 1.42364^;

7, 159.0-169.5®, 0.8741^0, 1.428442®; 8, 179-180®, 0.87462®,

1.434242®; 9, 98-10023°, 0.86792®, 1.4369220; 10, 106-106.6i6.5°,

0.86962®; 16, —,
0.83842®, 1.4547720^ p 130

Meyer and Reid have stated that the 1-bromoalkanes have

almost the same melting points as the hydrocarbons from which

they are derived, thus indicating that a terminal bromine atom has

approximately the same effect upon the melting point as a terminal

hydrogen. The 1-bromoalkanes form an unusual series in that

the melting point curve of those which contain an odd number of

carbon atoms, above C13, is higher than the melting point curve of

those which contain an even number. Since the cooling curves

show only a single halt, which occurs at the freezing point, it was

concluded that they do not exhibit pol3rmorphism. The melting

points of the 1-bromoalkanes from 1-bromodecane to -octadecane

inclusive are as follows: (C content, m.p.) 10, —29.26®; 11,

-13.15®; 12, -9.60®; 13, 5.94®; 14, 5.67®; 15, 18.63®; 16, 17.64®;

17, 28.40®; 18, 27.35®. Niemann and Wagner have reported the

following freezing points for the 1-bromoalkanes f C14, 5.5®; Cie,

17.8®; and Cis, 27.4®.

The 1-iodoalkanes possess somewhat higher melting points than

the corresponding bromo derivatives. For example, Simon has

reported l-chloropentane to melt at —99®, 1-bromopentane at

—95.25®, and 1-iodopentane at —85.0®. The boiling points in-

crease materially from the chloro to the iodo compounds, thus:

l-chloropentane, 108.35®; l-bromopentane, 129.70®; and 1-iodo-

pentane, 157.00®. The densities likewise increase, as follows:

(df) 0.88657, 1.22367, and 1.52384. In 1932, Smith called

attention to the discordant values reported for the freezing point

of supposedly pure samples of 1-iodohexadecane, the values vary-

ing from 21.15® to 22.5®,^®* and he suggested that this may be

explained by a diminution of the rate of crystallization occasioned

by small amounts of impurities. His study of the binary system

1-iodohexadecane: 1-iodooctadecane showed such mixtures to be

polymoiphic, since the transparent crystals which first form change

rapidly to a higher-melting, opaque modification. The binary

system shows the formation of an equimolar compoimd of the two

iodides, the compound possessing a non-congruent melting point

and apparently forming a eutectic with the lower-melting com-

ponent. Although the pure components did not exhibit poly-
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morphism, sufficieiit mformation was obtained to idiow that the

mixtures exist in at least two polymoiphic forms. Somewhat

later, Francis, Collins, and Piper showed the higher 1-iodo-

alkanes (C22~03o) to exist in a- and /^forms, the latter of which h

stable and melts several degrees higher than the former. The

crystal spadngs of the /3-form as shown by x rays were also deter-

mined. The molecular rotations and the dipole characteristics oi

1-chlorodecane, -dodecane, and -hexadecane have been invest!-

gated.*“

The unsaturated alcohols react with hydrobromic acid to give

the corresponding bromo compounds together with some of the di-

bromo compoimds. Thus, 10-undecenol, CH2:CH(CH2)8CH20H
when treated with hydrobromic acid, 3delds 1-bromo-lO-imdecene

bs 117-118®, di5 1.070, along with a smaller quantity of 1,10

dibromoimdecane, bg 164-165®.^^^ If the reaction is prolonged th<

latter product is obtained in appreciable yields. The action o

hydrobromic acid on 12-tridecen-l-ol yields l-bromo-12-tridecene

bg 141-143®, di5 0.8795, and 1,12-dibromotridecane, bg 185®, di.

1.217. 14-Pentadecen-l-ol gives the l-bromoalkene, bg 164-166®

du 1.009, and 1,14-dibromopentadecane when similarly treated.

The polymethylene glycols, HO(CH2)a;OH, when treated witl

hydrobromic acid yield the corresponding dibromo compoimdi

with the intermediate formation of the bromohydrins. Chuit anc

Hausser **-“.217 have prepared a number of bromohydrins and di

bromides and have reported the following physical constants

Br(CH2)90H, m.p. 33.5®, 62 125-126®; C9Hi8Br2, b2 121®, di

l. 145; Br(CH2)ioOH, bg 153.5®, du 1.188; CioH2oBr2, m.p. 27.4®

69 161.1-162.4®, dgo 1.335; CiiH22Br2, bi2 179®, dig 1.332

Ci2H24Br2, m.p. 36.8®, bg 177—178®; Ci3H26Br2, m.p. 8—10®, 6

185-187®, di5 1.276; Ci4H28Br2, m.p. 50.4®, bg 190-192®

Br(CH2)i50H, m.p. 59-«)®; CigHsoBrg, m.p. 15®, big 215-225®

CieH32Br2, m.p. 56.2—56.7®
; Ci7H34Br2, m.p. 38—38.4®

; Ci8H38Br«

m.p. 63.5-64®, bis 205-207®; Ci9H38Br2, m.p. 46.2-46.5®, bi

210-211®; C2oH4oBr2, m.p. 67.4r-68®, bg 220-222®; C2iH42Br2, m.p

52.5-53®, 62.5 226-228®. It will be noted that the melting point

of these dibromides alternate from even to odd member, the altei

nation becoming less the higher the molecular weight. The preps

ration of the higher polymethylene dibromides from the glycols b
converting a lower glycol to the dibromide stnd thence to th

nitrile, hydrolyzing the nitrile to its corresponding dicarboxyli

add, and reducing its ester to a glycol, is a process which involve
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many steps and must be repeated several times in order to obtain

the Ugher members of the series. In 1909, v. Braun suggested

a procedure whereby the lower dibromide is treated with sodium

phenolate to yield the bromoether Br(CH2)*OPh. This ether is

then subjected to the Wurtz reaction and thereby converted into

the diether PhO(CH2)2xOPh, which is then split with a hydrohalide

to yield the desired polymethylene dihalide. In a subsequent

work,21* it was observed that the phenoxy group of the higher

members resists cleavage. However, conversion of the diphenoxy

derivatives to the corresponding cycloaliphatic compounds by cata-

lytic hydrogenation yields the dicydohexyl ethers, which are easily

cleaved. The preparation of 1,12-dibromododecane from adipic

acid has been described in detail.^®

The high molecular weight fluoroalkanes are prepared by the

reaction of metallic fluorides or hydrogen fluoride on haloalkanes.

Such reactions frequently yield appreciable amounts of oleflns and

other products along with the fluoro compounds. For example,

the reaction of 1-iodobutane with mercurous fluoride in a coppei

flask gives somewhat more than 50% of 1-fluorobutane, 6745 c

31.95®, di5 0.7824, together with a mixture of butenes.**^ l-Bromo-

hexane and mercurous fluoride yield 1-fluorohexane, 6755 93.15®,

di5 0.8052, nf? 1.3747, together with hexenes and a little 2-fluQro-

hexane. The action of silver silicofluoride, Ag2SiF6, or of mercuric

silicofluoride, HgSiFe, on 1-iodooctane yields both 1-fluorooctanc

and octenes. Higher yields of the former result from the use oi

silver fluoride.*” It has been stated that the use of hydroger

fluoride is preferable to that of silver fluoride for the preparatioi

of the higher fluoroalkanes. The 1-fluoroalkanes can be distilleo

without decomposition, which distinguishes them from the fluoro-

isoalkanes. They are quite resistant to the action of alkali hydrox-

ides, but they react with concentrated sulfuric acid in the cold

with the liberation of hydrogen fluoride. The following physical

constants have been reported for several of the higher moleculai

weight 1-fluoroalkanes: -pentane, m.p. < —80®, b 62.8®, d2(

0.7880; -heptane, m.p. —73®, 6755 119®, ^2 0.8029; -octane, bjsi

142.5®, d2i 0.8036; -decane, 6 183.5®, do.2 0.792; -hexadecane, I

287.5®, d7 5 0.809.

The chloro-, bromo-, and icxloalkanes are quite reactive and arc

frequently employed as intermediates for the preparation of high

molecular weight compounds. Replacement of the halogen aton

by a cyanide group is a common procedure for the synthesis oi
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higher nitriles and acids.^" The haloalkanes may be hydrolyzed

to the corresponding alcohols. They lose hydrogen halide when
heated with organic bases. For example, 1-iodohexane is con-

verted into a mixture of isomeric hexenes when heated with quino-

line.®® The Friedel-Crafts alkylation of benzene by 1-bromo-

octadecane 3delds 50% of 1-phenyloctadecane with no evidence of

polyalkylation or lateral rearrangement.^® However, it has been

reported**® that the reaction of 1-bromooctadecane with ethyl

5-bromo-2-furoate gives a 46% yield of ethyl 4-ier<-butyl-5-bromo-

2-furoate. 1-Bromohexadecane, -tetradecane, and -dodecane yield

the corresponding 1-phenylalkanes when treated with benzene in

the presence of aluminum chloride.**® A detailed study of the reac-

tion between 1-bromododecane and benzene showed that, in addi-

tion to 1-phenyldodecane, small amounts of isomeric phenyldodec-

anes are formed.

The Wurtz-Fittig reaction is frequently used for the preparation

of high molecular weight hydrocarbons from the haloalkanes.

Such reactions yield either aliphatic hydrocarbons or alkyl-substi-

tuted hydrocarbons depending upon the reacting components

employed. For example, 1-iodooctadecane and iodobenzene give

substantial yields of 1-phenyloctadecane.**®-**^ Hydrocarbons with

the same number of carbon atoms as the haloalkanes have been

synthesized by treating iodoalkanes with sodium amalgam in the

presence or absence of a solvent. When the haloalkanes are

treated with sodium or potassium in boiling xylene, hydrocarbons

containing double the number of carbon atoms are obtained in

appreciable yields.*-*^®

The high molecular weight chloro-, bromo-, and iodoalkanes

react with magnesium to yield the well-known Grignard reagents.

The conditions for the preparation of the higher alkyl Grignard

reagents do not differ essentially from those employed for those of

lower molecular weight. The higher primary bromo- and iodo-

alkanes react quite readily with magnesium; however, the chloro-

alkanes react much more slowly. The higher alkylmagnesium

chlorides are frequently quite diflSicult to prepare. Marvel,

Gauerke, and Hill *** have synthesized the alkylmagnesium chlo-

rides, bromides, and iodides up to and including the octyl deriva-

tives, and have treated these reagents with the corresponding

mercuric halides to obtain alkylmercuric halides. The latter are

well-crystallized compounds which are useful in the identification

of the haloalkanes. The preparation of a number of high molecular
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weight organometallic compounds, particularly those contaming

magnesium or lithium, has been described,^ and it was reported

that compounds such as octadecylmagnesium bromide can be ob-

tained in yields as high as 95%. Webster and Schaefer have

prepared hexadecyl- and heptadecylmagnesium bromides and have

obtained 1-heptadecanol and 1-octadecanol by treatment of these

compounds with formaldehyde. The action of magnesium on the

a,a)-dihaloalkanes yields not only the expected dimagnesium

halides, but the magnesium also exerts a condensation effect

similar to that of the Wurtz reaction. Magnesium completely

dissolves in a solution of 1,6-dibromohexane and ether at —14°;

if, however, the ether is replaced by toluene and the mixture is

heated for six hours at 120°, a 30% yield of 1,12-dibromododecane

results. A smaller 3deld of 1,12-diiodododecane is obtained from

1,6-diiodohexane. 1,7-Dibromoheptane gives a 20% yield of 1,14-

dibromotetradecane, but pure 1,20-dibromoeicosane could not be

isolated from the reaction mixture of magnesium and 1,10-dibromo-

decane.2®® The dibromoparaflSns react with sodiomalonic ester to

yield esters of the type

CH2(CH2)*v
I >C(C02Et)2
CH2(CH2)*^

from which the corresponding dicarboxylic acids can readily be

obtained.*®^

The haloalkanes may be identified as the S-alkylisothiourea

picrates,®*^ which are prepared by the reaction of the halo com-

poiuids with thiourea followed by conversion of the resulting S-

alkylthiourea halides to the corresponding picrates, the reactions

being as follows:

HI
/NH2

:s— _ +RX
^NH

NH2 HOCeHiCNO*)!
*xiJL >

NH
/NH2

RSC^ •H0C«H2(N02)8 + HX
^NH

The melting points of several of these picrates have been re-

ported *** to be as follows: butyl, 177°; pentyl, 164°; hexyl, 167°;

heptyl, 142°; octyl, 134°fand hexadecyl, 137°.

The alkyl thiocyanates have been obtained by the action of

sodium or potassium thiocyanate on the haloalkanes, or by the

treatment of lead mercaptides with cyanogen chloride.*" Allen ***
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has prepared a series of alkyl thiocyanates by refluxing one mole

of the bromoalkane with 1.5 moles of potassium thiocyanate in 340

cc. of ethanol for two hours, and has reported the following physical

constants for these esters: (ester, b.p., nf)) octyl, 141-142i9°,

0.9149, 1.4642; nonyl, 156-15719^^, 0.9091, 1.4649; decyl, 164-

165i6®, 0.9047, 1.4662; undecyl, 160-161io°, 0.9007, 1.4653; do-

decyl, 170-172io°, 0.8968, 1.4657; tridecyl, 173-1767°, 0.8935,

1.4661. The alkyl thiocyanates are insoluble in water but are

readily soluble in ether, benzene, absolute methanol and ethanol,

carbon tetrachloride, and ethyl acetate. The solubility in alcohol

decreases with increasing molecular weight. 1-Methylheptyl thio-

cyanate has been synthesized by Rose and Haller.^’* The alkyl

thiocyanates have been used extensively as insecticides.**^'*®*

The high molecular weight alkyl sulfates are represented by
two groups of esters, the neutral esters R2SO4 and the acid esters

RSO3OH. Salts of the latter t3rpe are extensively employed as

wetting agents and detergents and are among the more important

derivatives of the fatty acids.

Several methods have been proposed for the preparation of the

dialkyl sulfates; however, most of the suggested procedures have

been shown to give quite low yields when applied to the higher

members of the series. The action of sulfuric acid on the higher

alcohols generally yields acid sulfates, together with smaller

amounts of ethers and other products. The oxidation of alkyl

sulfites by the method proposed by Voss and Blanke *** gives quite

low yields when applied to the higher molecular weight sulfites.

The reaction of the alkyl chlorosulfonates with the sodium alco-

holates*"'*^^'*^ likewise gives low yields of the higher alkyl sul-

fates. The action of the alkyl chlorosulfonates with the alkyl

sulfites *** offers a satisfactory procedure for the synthesis of the

higher alkyl sulfates. The application of this method to the

preparation of the higher sulfates has been studied by Barkenbus

and Owen,*^ who considered the two main reactions to be as

follows:

(I) (R0)2S0 + CISO2OCH2CH2R'

(R0)2S02 + R'CH=CH2 + HCl + SO2

(II) (R0)2S0 + CISO2OR' (R0)2S02 + SO2 + R'Cl

The physical constants of the dialkyl sulfates as reported by
these authors are listed in Table VII.
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TABLE Vn

Phtbigal Constants of Dialktl Sxtlfatbs

R Group B.P., ®C. M.P., "C. n§

Butyl 97.4* 1.0591 1.4210

Pentyl 117.0J.5 1.0265 1.4270

Hexyl 125.3s 1.0039 1.4344

Heptyl 146.6i.6 .
11.4 0.9819 1.4362

Octyl 166.12 20.3 0.9661 1.4408

Nonyl 41.9-42.1

Decyl 37.6-37.8

Dodecyl 48.4-48.5

Tetradecyl 57.8-58.0

Hexadecyl 66.2-66.3

Octadecyl 70.2-70.7

The long-chain alkyl hydrogen sulfates have been extensively

investigated during recent years. Interest in these compounds

largely centers around the facts that they are appreciably soluble

in water and that their alkali metal salts, such as sodium dodecyl

sulfate (Gardinol), possess marked surface active properties. Such

compounds are extensively employed as wetting agents and deter-

gents, their advantage over the soaps lying in the fact that their

aqueous eolutions are quite stable in hard waters. The prepara-

tion and the many uses of these compounds have been the subjects

of a number of patents. The use of the higher alkyl hydrogen sul-

fates and their salts as wetting agents and detergents is a com-

paratively recent development. Among the earlier patents in this

field is one issued to H. Th. Bohme A.-G.,*^* which called attention

to the wetting and emulsifying properties of the higher alkyl sul-

furic acids.

The higher alkyl hydrogen sulfates may be prepared by a variety

of methods, the most important of which consists of treating the

alcohols at low temperatures with concentrated sulfuric acid or

chlorosulfonic acid. The preparation of alkyl hydrogen sulfates

by the esterification of a number of the higher alcohols, or of various

mixtures of alcohols such as those derived from coconut or palm
oil fatty acids, with concentrated sulfuric acid, has been de-

scribed.^ Oleyl alcohol when so treated gives the sulfuric ester

of 1,9-octadecanediol. The velocity of esterification of oleyl

alcohol by sulfuric acid has been studied in some detail.^ The
removal of excess sulfating agent may be accomplished by adding
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lower molecular weight alcohols or esters such as glyceryl mono-
sulfate to the sulfated alcohols.^* The surface active properties

of dodecyl hydrogen sulfate, its higher homologs, and their deriva-

tives are quite pronounced, and solubility considerations have re-

sulted in a centering of interest around the dodecyl ester. The
most abundant source of such compounds is the fatty alcohols

obtained by the hydrogenation of coconut oil acids, and it has been

proposed ^ to remove the lower alcohols from such mixtures and
sulfate the remaining alcohols, 1-dodecanol and its higher homo-

logs, for the preparation of wetting agents.

The alkyl hydrogen sulfates can be obtained by the action of

chlorosulfonic acid on the higher alcohols in the presence of organic

bases such as pyridine,^®® or by the action of chlorosulfonic acid on

alcohols in the presence of inert solvents.*®^ Sulfuric esters may be

obtained by the reaction of either saturated or unsaturated alcohols

with the addition product of chlorosulfonic acid or sulfur trioxide

and a tertiary base.®®^ The esterification of the unsaturated alco-

hols, such as oleyl alcohol, with sulfonating agents in the presence

of organic bases has been investigated,^®® as has the preparation

of compounds such as the pyridine salt of dodecyl or octadecyl

sulfate.®®* These last compoimds have been stated to possess sur-

face active properties.

The alkyl hydrogen sulfates are easily converted to their sodium

salts, the detergent properties of which are well known. The salts

can be prepared directly from the higher alcohols by neutralization

of the esters formed during the process of sulfation, without an

actual isolation of the intermediate esters.®®® The preparation of a

number of these high molecular weight sodium alkyl sulfates has

been described,®*® and details have also been given for the prepara-

tion of water-soluble salts of the sulfuric esters of 2-nonadecanol

and related compoimds.®®® Various processes for the preparation

of salts of the alkyl sulfuric acids have been suggested, one of which

proposes to atomize the alcohol and a solid sulfating agent into a

reaction vessel.®®^ The direct preparation of the ammonium salts

of the alkyl sulfuric acids has been accomplished by treatment of

the higher alcohols with aminosulfonic acid, NH2SO3H, an ex-

ample being the synthesis of ammonium octadecyl sulfate by the

action of this reagent on 1-octadecanol.®®*

Many uses have b^n suggested for the alkyl sulfuric acids and
their alkali metal salts, and most of the patents which relate to their

preparation have suggested their use as wetting agents and deter-
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gents.^*'^^* Mixtures of the sodium alkyl sulfates and alkali

phoefphates have been stated to possess good cleansing properties,^"

and mixtures of the sodium alkyl sulfates with various organic

sulfates and water-soluble inorganic alkali salts have been claimed

to possess excellent cleansing properties."^ Treatment of the alkyl

hydrogen sulfates with sodium sulfite produces superior wetting

agents,"^ and their action with halogenating agents yields emulsi-

fying and cleansing agents."^ The use of the alkyl hydrogen sul-

fates as addends to flotation agents has been suggested,"’ and

mixtures of sodium alkyl sulfates with the higher alcohols^" or

with mineral oils have been proposed as flotation agents. The
sodium alkyl sulfates have been stated to function as stabilizing

agents for rubber latex."® They prevent adhesion between the

contacting surfaces during the process of vulcanization of rubber

articles.’®^ Cory and Langford"* have investigated the use of

sodium alkyl sulfates as insecticides and have found them to be

valuable emulsifying agents for insecticidal oils. Sodium dodecyl

sulfate, which was the most lethal to insects of the salts investi-

gated, possesses a toxicity comparable to that of potassium laurate;

however, high concentrations of sodium alkyl sulfates cannot be

used in insecticidal compositions because of excessive plant injury.

Mixtures of the sodium alkyl sulfates and pyrethrins are active

mosquito larvicides.

The alkyl hydrogen sulfates and their salts may be identified as

their S-benzylthiuronium derivatives, prepared by the reaction of

the esters with S-benzylthiuronium chloride.*®* This reagent can

easily be obtained by the reaction of benzyl chloride with thio-

urea.*"*"^ The reaction between the alkyl hydrogen sulfates and
S-benzylthiuronium chloride proceeds as follows:

C6H6CH2SC(NHj)2C1 + ROSOsH ^ R0S08(NH2)2CSCH2C6Hb + HCl

The following melting points have been reported for these

derivatives: propyl, 111.5-112.5®; butyl, 100-101®; pentyl, 85-86®;

hexyl, 85-86®; heptyl, 77-79®; octyl, 42-70® (?); decyl, 73-75®;

dodecyl, 74-76®; tetradecyl, 87-88®.

Stenhagen *" has studied the monolayers of sodium docosyl sul-

fate on Af/25 phosphate buffer and on O.OliV HCl. A strong inter-

action between the head groups was indicated by the fact that the

monolayers solidify on both substrates at a pressure of a few dynes

and a molecular area of 26 sq. A. The monolayers are quite stable

and show little tendency to dissolve.
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The high mdecular wei^t esters of the phosphorus adds and

their salts possess properties somewhat similar to the sulfates;

however, such esters are not so well known as the sulfates or the

add sulfates. Hexadecyl dihydrogen phosphate, first prepared by
Bidbringer,*^’ been synthesized by Plimmer and Burch

by heating phosphorus oxychloride, POCI3, and 1-hexadecanol in

chloroform for two hours over a water bath. The reaction mixture

is poured into water and neutralized with barium hydroxide, yield-

ing barium monohexadecyl phosphate, from which the acid ester,

m.p. 72°, is obtained by acidification. Prolonged heating of the

reaction mixture yields some dihexadecyl phosphoiyl chloride, from

which the dihexadecyl ester can readily be obtained. When 1-

hexadecanol and phosphorus oxychloride are boiled imder a reflux

condenser the sole product is 1-hexadecene; however, gradually

adding the oxychloride to 1-hexadecanol on a water bath yields

trihexadecyl phosphate, m.p. 61°. This ester may also be obtained

by heating an ether solution containing an excess of 1-hexadecanol

with phosphorus pentoxide. Hexadecylchloroethylphosphoric add,

m.p. 54.5°, is obtained by the action of 2-chloroethylphosphoryl

dichloride and 1-hexadecanol.^^ Compoimds related to the phos-

phatides are formed by the treatment of such esters with liquid

ammonia.
The alkyl esters of pyrophosphoric acid, H4P2O7 ,

have been pre-

pared by heating the higher alcohols with pyrophosphoric add.^^

Graves ^ has described the preparation of a number of the mixed
alkyl esters of the phosphorus acids, such as dodecyl octadecenyl

hydrogen phosphate, and has proposed the use of such esters as

plasticizers and addends to lubricants. The heavy metal salts of

these esters are catalysts for the oxidation of drying oils. Mixed
phosphoric and sulfuric acid esters have been prepared from the

dihydric alcohols, such as ricinoleyl alcohol, by esterification of one
hydroxyl group with phosphoric acid, and of the other group with

sulfuric acid.”* These products are used as washing and emulsi-

fying agents. The preparation of the higher alkyl esters of boric

acid and of silicic acid has been studied, and such esters have been
stated to function as plasticizers.*^ The incorporation of the

alkyl esters of silicic acid into the nitrocellulose plastics markedly
reduces the inflammability of the latter.

Esters of Organic Acids—The Synthetic Waxes
The esters of higher molecular weight alcohols and fatty adds

range in physical properties from the crystalline acetates to the
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waxy esters of the higher adds. The latter are well known as

components of the natural waxes.

The acetates of higher alcohols may be prepared by treatment

of the alcohols with acetic anhydride in the presence of fused

sodium acetate. The melting points of the higher acetates are quite

close to those of the ethyl esters with which they are isomeric. The
acetates of the higher alcohols present an interesting case of poly-

morphism. Meyer and Reid have reported two fusion points

for hexadecyl and octadecyl acetates and for the acetates of the

odd alcohols 1-undecanol, 1-tridecanol, and 1-pentadecanol. The
melting points and transition temperatures of the acetates from

decyl to octadecyl have been reported by these authors. The
cooling curves of these acetates are unusual in that the curves

fall until the a- or metastable form begins to crystallize, remain

flat during the crystallization of this form, rise abruptly when
solidiflcation is completed to the fusion point of the jS-form, again

remain flat for an appreciable time interval, and finally fall again.

If the sample is agitated during the crystallization of the a-form,

the temperature rises immediately to the jS- freezing point. Phillips

and Mumford have made an extensive investigation of the

dimorphism of the acetates and have assembled the available

thermal data relative to the polymorphic forms. The acetates of

the even alcohols from C12 to Cis exhibit monotropic dimorphism,

the transparent a-form changing into the opaque jS-form. With
the acetates of the lower alcohols C12 and C14, the a-form is realiz-

able only by admixture. The acetates of the uneven alcohols

exhibit three polymorphic forms, the transparent a-form first

changing into an opaque /3-form, the change being monotropic

for the lower and enantiotropic for the higher members. This

|3-form then changes monotropically and slowly into a still higher-

melting j82-form. The transition a /3 for the even acetates is

quite rapid; however, the transformation P ^2 for the odd

acetates is quite slow, the final temperature reached being lower

than the melting point. The melting and freezing points of the

acetates are recorded in Table VIII, and the relationship of the

various forms® is shown in Fig. 2.

Physical constants for acetates not included in Table VIII

have been reported as follows: he:^l, b 169.2°, do 0.8902; heptyl,

h 195°, dg 0.8891; oleyl,® 4° 0.8704, 1.4516; and tetrar

cofifyl,*®® m.p. 57°. Chuit ® has prepared several of the glycol

diacetates; CiiH22(OAc)2, 613 181-183°, du 0.964; Ci2H24(OAc)2,
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TABLE VIII

Melting and Freezing Points of n-ALKTL Acetates,

(Tr > temp, of transitiozi; [ from cooling curve; T » from heating

curve)

No. of C
Atoms in iS-Form /3-Form (even)

Alcohol oe-Form (odd) jSrForm (odd)

10 .... -15.05

11 . -12.59 -9.27
12 -16.7 ... 1.13

13 2.44

1.3*

7.03

14 3.3 . 14.0

15 11.4 14.7 18.5

16 18.5

20.35*

24.12

17 24.6 Tr 1 CO. 10.5

24.2*
30.25*

18 30 25

Tr T 21.5

31.95

19 35 35 Tr 1 CO. 14

32.85*

37.6*

20

Tr t 27.2

40 ±0.5* •

* Denotes melting point.

610 189-190°, m.p. 36°; Ci5H3o(OAc)2 ,
m.p. 36°; and C16H32-

(OAc)2 ,
m.p. 47.2°.

Wetting agents have been obtained by sulfonation of the phen-

oxyacetic acid esters of the higher alcohols and by the action of

hyposulfurous acid on the higher alcohol esters of chloroacetic

acid.2«2

The esters of the higher acids may be prepared by direct esterifi-

cation with the acids or their anhydrides. The melting and boiling

points of these esters increase with increasing molecular weight.

The physical constants of a series of isomeric esters each of which

contains sixteen carbon atoms, ranging from methyl pentadec-

anoate to pentadecyl formate, have been determined by Ruhoff

and Reid.2*® The reported values are shown in Table V, Chapter

VII. The physical properties of a number of the fatty add esters

of 1-decanol have been determined and the following values re-

ported: propionate, bg 123.9-124.3°, 0.8639; butyrate,
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ba 134.8-135®, 0.8617; caproate, bu 219.0-219.1®, m.p. 9.7®,

0.8586; and palmitate, m.p. 30®.

The higher molecular weight esters are waxlike solids. A
number of them have been isolated from natural sources; however,

the physical constants reported for these compounds are subject

to some question because of the difficulty of separating such esters

Fig. 2. Melting points of polymorphic forms of n-alkyl acetates.

from their lower and higher homologs. Hexadecyl palmitate,

m.p. 53.5®, has been prepared by Krafift by the esterification of

1-hexadecanol with palmitic acid, and also by the action of palmit-

oyl chloride on the alcohol. The octadecyl ester, m.p. 59®, was

obtained in a similar manner. The syntheses of docosyl behenate,

m.p. 75®, and tetracosyl tetracosanoate, m.p. 75.9®, have been

described.®*® Gascard® has synthesized pentadecyl palmitate,

m.p. 55.5®, and heptadecyl stearate, m.p. 64.7®, by a method

originally proposed by Simonini ^ and subsequently employed by
Panics,^* which involves treatment of the silver salts of the respec-

tive acids with iodine. Hexacosyl stearate, m.p. 73®, and triacon-

tyl stearate, m.p. 76®, have been obtained by direct esterification

of their components.
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molecular weight esters are formed as intermediate prod-

ucts during the hydrogenation of fatty adds to alcohols, the proper

choice of a catalyst and reaction conditions frequently resulting

in substantial yields of such esters. Sauer and Adkins obtained

a 34% yield of octadecenyl oleate, b 272®, nf? 1.4618, by the high-

pressure hydrogenation of butyl oleate in the presence of a zinc-

chromium oxide catalyst, and a 63% yield of octadecyl stearate,

m.p. 62®, by the hydrogenation of ethyl stearate with a zinc-

molybdenum oxide catalyst. The high-pressure hydrogenation

of fatty acids in the presence of a weak hydrogenating catalyst,

consisting of a metal or its oxide together with a non-metallic com-

pound, has been stated to give high yields of the higher

esters.^^®

An x-ray examination of crystals of hexadecyl palmitate

showed them to possess monoclinic symmetry. The unit cell con-

tains two double molecules, the average C—C distance being

1.27 A. The dimensions of the unit cell are a = 5.61 A =b 0.5%,

b = 7.415 A ± 0.2%, c sin /3 = 77.875 A ± 0.35%, /S = 61.3° ±
0 .8%.

Several series of esters of aliphatic alcohols and aromatic acids

have been synthesized and proposed as identifying derivatives.

Among these may be mentioned the monoalkyl phthalates, ob-

tained by refluxing phthalic acid with the alcohols. The following

melting points have been reported: 2*® (alkyl group, m.p.) propyl,

54.1-54.4®; butyl, 73.1-73.5®; pentyl, 75.4-75.6®; hexyl, 24.6-

25.4®; heptyl, 16.5-17.5®; octyl, 21.5-22.5®; nonyl, 42.4-42.6®;

decyl, 37.8-38.0®; undecyl, 43.8-44.1®; dodecyl, 50.2-50.4®; tri-

decyl, 52.4-52.7®; tetradecyl, 59.8-60.0®; pentadecyl, 60.3-60.5®;

hexadecyl, 66.7-66.9®; heptadecyl, 66.6-66.8®; octadecyl, 72.4-

72.6®; nonadecyl, 70.8-71.0®; eicosyl, 77.1-77.3®. The esters of

3-nitrophthalic acid possess much higher melting points, although

they do not show so great a difference between the melting points

of adjacent members as shown in the above series.*®

THE HIGH MOLECULAR WEIGHT ALIPHATIC ETHERS

The high molecular weight ethers constitute an important group

of derivatives which can be prepared from the hi^er alcohols.

Such ethers are characterized by the presence of at least one long-

chain hydrocarbon group and are represented by a large number
of both S3mimetrical and unsymmetrical compounds. Many of the
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iins3rmmetrical ethers have been used as intermediates for the

preparation of wetting agents and allied compounds.

The higher ethers may be prepared by processes generally

applicable to the synthesis of their lower homologs. Senderens ^
has studied the synthesis of several of the higher alkyl symmetrical

ethers such as dibutyl, diheptyl, and di-«eo-octyl ethers, which can

be obtained by the action of sulfuric acid on the respective alcohols.

Olefin formation is pronounced when the higher alcohols are con-

verted into ethers by this process, but may be retarded by a re-

duction in the amount of sulfuric acid employed. Dihexadec^l

ether, m.p. 55^, has been prepared by this method.

The most frequently employed and satisfactory procedure for

the s3mthesis of the higher ethers consists of treating alcoholates

with haloalkanes or -alkenes, the reaction proceeding as follows:

RONa + R'X ROR' + NaX

This method is applicable to the synthesis of all types of higher

molecular weight ethers, as for example the symmetrical and xm-

S3rmmetrical dialkyl ethers, the mono- and polyethers of the

glycols and glycerol, the alkyl aromatic ethers, and many others.

Examples of the synthesis of the S3anmetrical dialkyl ethers by
this procedure include the preparation of dihexadecyl ether by the

action of 1-iodohexadecane and sodium hexadecoxide,^^ and the

preparation of diheptyl ether by heating 1-iodoheptane with

sodium heptoxide.^ Dioctyl ether, b 286-287°, has been prepared

by heating 1-iodooctane with sodium octoxide in a sealed tube at

^000 293 Gascard* has obtained didotriacontyl ether, m.p. 92°,

by a similar procedure. The physical properties of the higher sym-

metrical dialkyl ethers whose alkyl groups contain an even number

of carbon atoms are as follows: dioctyl ether, m.p. —7°, b 291.7°,

di7 0.805, n© 1.4329; didecyl ether, m.p. 16°, be 170-180°,

0.819, Wd 1.4418; didodecyl ether, m.p. 33°, bi 190-195°, df® 0.8147;

ditetradecyl ether, m.p. 38.40°, 64 238-248°, 0.8127; dihexa-

decyl ether, m.p. 54°, dt^ 0.8117; and dioctadecyl ether, m.p. 58-

60°. These ethers are described ^ as ranging from colorless liquids

to white, crystalline, waxlike solids which are insoluble in water,

slightly soluble in 2-propanol, methanol, and glacial acetic add,

and soluble in acetone, ether, and benzene. The crystal structure

of dihexadecyl ether has been investigated by Kohlhaas,®”*”'^ who
observed that this compound crystallizes in small, rhombic plates
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with profile angles of 73.7° and 106.4°. The crystal cell contains

four molecules and has the dimensions a = 5.571 A ± 0.2%,

6 - 7.452 A db 0.2%, c sin /3 = 78.19 A ± 0.4%, /9 = 63.07° ±
0.5%.

Many representatives of the uns3rmmetrical dialkyl ethers have

been prepared and their properties described. Ethyl heptyl ether,

b748 165^, has been synthesized by the action of sodium ethoxide on

1-iodoheptane,^ or by heating 1-iodoheptane with alcoholic

potassium hydroxide.^®^ Propyl heptyl ether, h 187.6°, and butyl

heptyl ether, h 205.7°, have been similarly prepared. The follow-

ing alkyl octyl ethers have been described: methyl octyl,“

6 173°; ethyl octyl,®®^*®®® 6 189.2°; propyl octyl, 6 207°; butyl octyl,

h 225.7°; and heptyl octyl, 6 278.8°. Ethers containing a decyl

radical have been obtained 2W.285
j^y action of 1-iododecane on

sodium ethoxide and its homologs, the following having been de-

scribed: ethyl decyl ether, h 223.5-224°, 99.6-99.8°, 0.7942;

propyl decyl, h 242.5°, 615 122.5°, df 0.7973; butyl decyl, df
0.8009; and didecyl, &15 5 196°, d?^ 0.8187. Ethyl hexadecyl

ether,®®* f.p. 20°, and ethyl dotriacontyl ether,® m.p. 72°, have been

synthesized. A series of ethers which contain a heptyl radical

have been prepared ®®® by the action of 1-bromoheptane on alcohols

in the presence of sodamide. Methyl octyl ether, 6 158°, has been

obtained by the action of dimethyl sulfate on the magnesium

alkoxide;®*® however, a considerable amount of octene is simul-

taneously formed, and the reaction is not successful for the prepa-

ration of ethyl octyl ether.

Vinyl alkyl ethers have been obtained by the action of acetylene

on the liquid alcohols at temperatures between 120° and 180° in

the presence of metallic sodium or a highly alkaline medium,*®^'*®®

the following having been described: vinyl octyl ether, bs 75°;

vinyl decyl ether, 110°; vinyl dodecyl ether, 64 120°; vinyl

tetradecyl ether, 64 140-145°; vinyl oleyl ether, 62 170-175°; and
vinyl octadecyl ether, 610 190°. The last was hydrogenated to

ethyl octadecyl ether, 610 190°. Price and Dumbrow *®* have de-

scribed the preparation of a series of methallyl ethers, such as

methallyl dodecyl, methallyl hexadecyl, methallyl octadecyl ethers,

and related compounds, the sulfonation of which was stated to

yield surface active agents.

The unsymmetrical dialkyl ethers have frequently been sug-

gested as intermediates for the preparation of wetting agents and

allied chemicals. For example, surface active agents have been
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obtained ^ by the action of sulfonating or sulfating agents on

ethers of the formula ROR^ in which R is an unsaturated straight-

chain group containing at least eight carbon atoms and R' is an

alkyl group which contains one to five carbon atoms. The high

molecular weight ethers which contain a halomethyl group, such

as dodecyl chloromethyl ether, octadecyl chloromethyl ether, and

dodecyl bromomethyl ether, have been proposed as intermediates

for the synthesis of wetting agents. The reaction of such ethers

with aminocarboxylic acids in the presence of acid-accepting

agents,**® or with sodium chloroacetate,**® has been described. The
chloromethyl ethers arid similar compounds are reactive with

tertiary bases to yield surface active products.**^

High molecular weight ethers in which one of the R groups is a

hydroxy- or polyhydroxyalkyl radical and the other is a long-chain

hydrocarbon radical are compounds of imusual interest. The
esterification of the hydroxyl group or groups of such ethers by
sulfuric acid or other acids permits of the formation of surface

active compounds, a large number of which have been described in

the patent literature. Ethers of this type are generally prepared by
reaction of the higher molecular weight alcohols with the chloro-

hydrins of glycerol or the glycols. Thus, dodecyl 2,3-dihydroxy-

propyl ether or its chloro derivatives can be prepared by the con-

densation of 1-dodecanol and glycerol epichlorohydrin in the

presence of a small amount of sulfuric acid.*** The sodium salts

of the sulfuric esters of this or similar ethers are water soluble and

are useful as wetting and emulsifying agents. The preparation of

high molecular weight alkyl 2,3-dihydroxypropyl ethers by the

condensation of the fatty alcohols with glycerol a-chlorohydrin is a

recognized method for the synthesis of such compounds.**® Ethers

which contain hydroxyalkyl radicals may also be obtained by
condensation of esters of the higher alcohols, such as 1-chloro-

dodecane, with alkoxides of the glycols or glycerol, or by condens-

ing such esters with glycols or glycerol in a highly alkaline me-
dium.*^®'*^^ Examples have been given of the preparation of

2-hydroxyethyl dodecyl ether, 615 170-174°; 2,3-dihydroxypropyl

dodecyl ether, 63 198°; and its tetradecyl, 63 206-207°, hexadecyl,

61 205-206°, and octadecyl, 62 215-220°, homologs.

The /5-ethers of glycerol are prepared by condensation of the

alkali metal derivative of alkylidene or aralkylidene glycerol with

an alkyl ester. Thus, l,3-dihydroxypropyl-2 hexadecyl ether is

prepared by treating 1,3-benzylidene glycerol with sodium, and
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condensing the product with 1-iodohexadecane, the reaction being

as follows:"*

CH,0 V

<!;HOCi»Hm CHCeHs

^HsO ^

CHiOH
HCl 1

> CHOCieHss

The monoalkyl ethers of ethylene glycol and trimethylene glycol

have been synthesized and described."* High molecular weight

ethers have also been prepared from the polyglycols and the halo-

alkanes,*^^ and the reaction of these ethers with ethylene oxide has

been studied.*^* Schmidt and Meyer *^® have described the prepa-

ration of a large number of monoalkyl ethers of polyhydroxy com-

pounds, such as the monoalkyl ethers of pentaerythritol [tetra-

hydroxymethylmethane, C(CH20H)4], mannitol, sorbitol, and
allied polyhydroxy compounds. The alkyl ethers of cellulose have

been prepared *^^ by reaction of partially acylated cellulose with

haloalkanes in the presence of alkalies.

A number of water-soluble compoimds have been obtained from

the hydroxy ethers. For example, surface active agents result

from their sulfation or sulfonation,*^® and the halogenation of these

products for the preparation of textile assistants has been sug-

gested.*^® The dihydroxy ethers prepared from glycerol and the

high molecular weight chloroalkanes may be treated with chloro-

acetyl chloride and then with sodium sulfate to produce water-

soluble derivatives,*** and the monohydroxy ethers obtained from

the glycols may be similarly treated. Wetting agents may be

prepared from the monoalkyl ethers of the glycols by esterifying

the free hydroxyl group with a dibasic acid and converting the

resulting compound to its alkali metal salt.**^

The many representatives of the mixed alkyl aromatic ethers

which have been synthesized testify to a considerable interest in

compounds of this type. The preparation of ethers from the mono-
hydric phenols and structurally sinular compounds is generally

accompliidied by heating a haloalkane with the alkali metal deliver

tive of the phenol, or by reaction with the phenol itself in a highly

alkaline medium. Examples of mixed ethers which have been
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prepared include phenyl decyl ether, m.p. 8-10®, 615 178®,

obtained by the action of 1-iododecane on sodium phenoxide;

phenyl heptadecyl ether, m.p. 42®; p-tolyl dodecyl ether, m.p.

23.5®; and w-, and o-tolyl hexadecyl ethers, m.p. 42.6®, 35®,

and 21.5®, respectively, which are obtained by the action of bromo-

alkanes on the phenols in the presence of alcoholic potassium

hydroxide. Several 2-naphthyl alkyl ethers have been prepared

by refluxing the bromoalkanes with 2-naphthol in half-normal

alcoholic potassium hydroxide, and the following melting points

have been reported for these ethers: 2-naphthyl imdecyl ether,

55-66°; tridecyl, 61-62°; pentadecyl, 66-67°; and heptadecyl,

70-71®. The p-nitrophenyl alkyl ethers have been synthesized in

high yields by the reaction of potassium p-nitrophenoxide with

haloalkanes dissolved in ketones, and the following values have

been reported for their melting and boiling points: (alkyl group,

b.p., m.p.) hexyl, 65 172-174°, —
;
heptyl, bs 184-185°, —

; octyl,

65 196-197°, 24°; nonyl, 67 206-207°, 20°; decyl, —
,
41°; undecyl,

—
,
30°; and dodecyl, —

,
53°.

Benzyl ethers may be prepared by the reaction of benzyl chloride

on the various sodium alkoxides, an example being the preparation

of benzyl dodecyl ether, 6 180-182°, tid 1.4820, dii 0.8938, by the

reaction of benzyl chloride with sodium dodecoxide.^** Such ethers

have also been obtained by the reaction of benzyl chloride with

the respective alcohols in the presence of aluminum and an acid-

binding agent, octadecyl benzyl ether, hexadecyl benzyl ether, and

oleyl benzyl ether having been thus prepared.

The high molecular weight alkyl aromatic ethers have been pro-

posed as intermediates for the preparation of surface active chem-

icals, an example being the sulfonation of phenyl alkyl or naphthyl

alkyl ethers to yield wetting agents. These sulfonated ethers

may be alternatively prepared by the etherification of the phenol-

or naphtholsulfonic acids. Wetting agents may be obtained

by sulfonation of the benzyl aliphatic ethers, such as dodecyl,

hexadecyl, or octadecyl benzyl ether. Sulfonation of the allyl

ethers of the alkylphenols, for example, allyl dodecylphenyl ether,

allyl octadecylphenyl ether, and similar compounds, gives surface

active agents.^’ The sulfonation of a number of mixed aliphatic

aromatic ethers and the general properties of the resulting products

have been described. Such sulfonated products are generally

employed as their sodium salts, which, in many instances, are ex-

tremely water soluble.
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Etherification of those aromatic compounds whidi contain two

or more hydroxyl groups yields several series of compoimds. For

example, either one or both of the hydroxyl groups of a dihydric

phenol may be etherified, yielding either mono- or diethers. The

diethers may be subdivided into the symmetrical diethers, in

which the alkyl groups are similar, and the unsymmetrical diethers,

in which the alkyl groups are dissimilar. The monoalkyl ethers

of the dihydric phenols can be prepared by heating a haloalkane

with a slight excess of the phenol in a highly alkaline medium or

with the sodium derivative of the phenol. Such ethers are gener-

ally purified by crystallization of their sodium salts. The melting

points of several of the monoethers of the polyhydric phenols are

as follows: pyrocatechol monoheptadecyl ether, 43°; resorcinol

monopentadecyl ether, 52-53°; resorcinol monoheptadecyl ether,

62°; hydroquinol monoimdecyl ether, 78°; hydroquinol mono-

tridecyl ether, 82°; hydroquinol monopentadecyl ether, 85-86°;

and hydroquinol monoheptadecyl ether, 91-92°. Holt has de-

scribed the preparation of a series of mixed ethers containing a

long-chain hydrocarbon radical and an alicyclic radical which

contains a hydroxy or alkoxy substituent. Examples of such

ethers are hydroxycydohexyl octadecyl ether, bi 208-225°, and

hydroj^cyclohexyl 9-octadecenyl ether, bi 180-215°.

The symmetrical dialkyl ethers of the dihydric phenols may be

obtained by refluxing the phenols with a slight excess of a halo-

alkane in alcoholic sodium or potassium hydroxide solution.

Hartley has described the preparation of the dioctyl ethers of

0-, m-, and p-dihydroxybenzenes, the ethers melting at 23.5°,

37.5°, and 56°, respectively. The dialkyl ethers of o-dihydroxy-

benzene have the following melting points: *** diimdecyl, 43°;

ditride(^l, 50-51°; dipentadecyl, 56-57°; and diheptadecyl, 62°.

Those of mrdihydroxybenzene and of p-dihydroxybenzene possess

higher melting points which are, respectively: diimdecyl, 56°, 76°;

ditridec^l, 64-65°, 81°; dipentadecyl, 68-69°, 85°; and dihepta^

decyl, 75°, 91°.

The diethers may be obtained by refluxing the sodium salts of

the monoethers of the phenols with haloalkanes in alcohol, and
such methods are advantageously employed for the syntheas of

those diethers which contain dissimilar alkyl groups. Hartley

has reported the following melting points for a number of the

diethers of resorcinol prepared by this method: (alkyl groups.



THE ALIPHATIC MERCAFTANS 765

m.p.) Ce, C#, 12.6“; Cg, Cg, 16“; Cg, Cg, 37.5“; Cio, C«, 27“;

Ci2) C4, 29.5“; Ci4, Cg, 30.5“; Cio, Cg, 31“
; Cig, Cg, 34“

;
C14, C4,

34“
; Cig, Cg, 37.6“; Cig, C12, 60“

;
Cjg, C,g, 71.6“.

The dialkyl ethers of p-asoxyphenol,

RO( )>OR

have been synthesized ^ from the p-nitrophenyl ethers by the

method originally proposed by Elbs,**® and the alkyl ethers of

p-azophenol have been obtained by the action of iodoalkanes on

p-azophenol in the presence of potassium hydroxide and methanol.

The melting points reported are, respectively: dihexyl, 81°, 102°;

diheptyl, 74°, 102°; dioctyl, 76°, 98°; dinonyl, 77°, 103°; didecyl,

78°,—
;
iundecyl, 78°,—

;
and didodecyl, 82°, 106°. The 2>-alkoxy-

benzaldehydes and the dialkyl ethers of ]>-azomethynephenol have

also been prepared and described by Weygand and Gabler.*®^

Mixed ethers of the general formula ROR'X, where R is an alkyl

group, R^ is an aromatic or hydroaromatic radical, and X is an

acidic group, have been synthesized and proposed as intermediates

for the preparation of wetting agents.®®^ Bruson ®®® has described

the synthesis of a number of /J-chloroalkoxyalkyl ethers of the

monohydric phenols.

Ethers which contain one or more higher alkyl groups show,

in general, the reactions of their lower homologs. Van Duzee and

Adkins have studied the hydrogenation and hydrogenolysis of

several of the higher alkyl ethers in the presence of metallic nickel,

and have observed that benzyl dodecyl ether yields 1-dodecanol

and toluene when subjected to such conditions. The cleavage of

the higher ethers with hydrogen bromide has been the subject of

several detailed studies.®^®-®®®

THE SULFUR-CONTAEVING DERIYATIVES OF THE FATTY ACIDS

The Aliphatic Mercaptans

The aliphatic mercaptans or thioalcohols, RSH, are either

liquids or low-melting solids, the melting points of which are

decidedly lower than those of the corresponding alcohols. Al-

though the lower members of the series possess distinctly unpleas-

ant odors, the higher members are essentially odorless.
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The aliphatic mercaptans are generally prepared from the halo-

alkanes or other alkyl esters, and several methods have been pro-

posed for their synthesis. Such processes include the action of

alkali metal hydrosulhdes on the haloalkanes, the action of the

haloalkanes with thiourea in the presence of alkaline hydroxides,

and the reduction of the dialkyl disulfides. Many examples of the

preparation of the higher molecular weight alkyl mercaptans by
the above procedures have been reported in the literature. How-
ever, few detailed studies of the preparation of the higher alkyl

mercaptans have been described until comparatively recently, the

earlier literature being confined mainly to the s3mthesis of indi-

vidual members of the series. Among the earlier mercaptans de-

scribed are 1-pentanethiol,*** 1-hexanethiol,®®^ l-heptanethiol,*®*

and 1-octanethiol.^®* In 1932, Ellis and Reid prepared a number
of l-alkanethiols from the corresponding bromo compounds by
their reaction with potassium hydrosulfide in alcoholic solution.

The method included saturating an alcoholic solution of potassium

hydroxide with hydrogen sulfide and adding the bromoalkane

slowly to this solution while agitating with a stream of hydrogen

sulfide. The reaction product contained some unchanged bromo-

alkane which was removed by distillation. Murray ^ has re-

ported that some dialkyl disulfide is produced together with the

mercaptan when 1-iodohexadecane reacts with potassium hydro-

sulfide in ethanol. A study ^ of the preparation of dodecane-,

hexadecane-, and octadecanethiol from the corresponding iodo-

alkanes showed that high yields require not only an excess of the

hydrosulfide but also precautions against loss of hydrogen sulfide

during the reaction. It was recommended that the reaction be

conducted in an autoclave at 120-130® for two to three hours, and
it was further pointed out that the reacting components must be

kept quite dry. The preparation of 1-hexadecanethiol by the

action of sodium hydrosulfide on 1-iodohexadecane has been de-

scribed,*** the procedure employed being to treat the iodo com-
pound with a solution of sodium in absolute ethanol saturated with

hydrogen sulfide. Fore and Bost *** have prepared the 1-alkane-

thiols from tridecane- to nonadecanethiol inclusive by the action

of an alcoholic solution of potassium hydrosulfide on the respective

1-bromoalkanes.

The action of the l-bromoalkanes with thiourea, followed by
treatment of the resulting S-alkylisothiourea hydrobromides with

sodium hydroxide, offers a very satisfactory procedure for the
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synthesis of pure 1-alkanethiols.^* The reactions involved are

as follows:

S=C(NH*)* + RBr RSCC HBr
^NHi

^NH
2RSCC HBr + 2NaOH — 2RSH + NHjCNHCN + 2NaBr + 2HsO

NtjtT. II

A 79-83% yield of the theoretical amount of 1-dodecanethiol

from 1-bromododecane was obtained by the use of the method,

and comparable yields of 1-heptane-, 1-octane-, 1-nonane-, 1-

undecane-, 1-dodecane-, and 1-octadecanethiol were also re-

ported. 1-Dodecanethiol has also been prepared by the action of

alkali hydroxides on the salts of S-dodecylthiourea.®" Noller and

Gordon have synthesized the 1-alkanethiols from 1-nonane- to

1-tetradecanethiol inclusive by reductions of the corresponding

dialkyl disulfides with zinc and sulfuric acid. The dialkyl disulfides

were refluxed with an approximately 50% aqueous sulfuric acid

solution to which zinc dust was added in small portions until the

reduction was complete. The s3mthesis of the alkanethiols by such

procedures is the subject of several patents. It has been

stated that high molecular weight mercaptans can be prepared

by passing the vapors of the corresponding alcohols mixed with

hydrogen sulfide over dehydrating catalysts at elevated tempera-

tures. Thus, 1-octadecanethiol results when the vapors of 1-

octadecanol together with hydrogen sulfide are passed over zir-

conium oxide, or octadecene-l-thiol is formed when octadecen-

l-ol and hydrogen sulfide are passed over aluminum oxide.

The alkyl hydroselenides, RSeH, can be obtained by the action

of alkali metal hydroselenides on haloalkanes. Butyl hydroselenide

has been prepared by this procedure.*®^

The values which have been reported for the physical constants

of the 1-alkanethiols are compiled in Table IX. It will be noted

that the melting points of the lower members of the series alter-

nate, the odd members possessing the higher melting points.

The aliphatic mercaptans readily form metallic derivatives, the

mercaptides, which are structurally related to the alkoxides.

These mercaptides are much more easily formed than the corre-

sponding derivatives of the alcohols, and they are frequently em-

ployed as intermediates for the preparation of other sulfur-contain-

ing alkyl derivatives. The sodium mercaptides can be prepared
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TABLE IX

Physical Constants of 1-Alkanethiols

Mercaptan M.P., 'C. B.P., °C.
25ng

Methanethiol -123.1 , 0.85991

Ethanethiol -147.3 , 0.83147 1.4270

1-Propanethiol -113.3 . 0.83572 1.4351

1-Butanethiol -115.9 . 0.83651 1.4401

1-Pentanethiol -75.7 .

.

0.83750 1.4440

1-Hexanethiol -81 3 . . •

.

0.83826 1.4473

1-Heptanethiol -43.4 174r-176 0.83891 1.4498

1-Octanethiol -49.2 198-200

98-10022

0.83956 1.4519

l-Nonanethiol -20.2 200-220

98-100i5

0.84015 1.4537

1-Decanethiol -26 88-912 0.841(^ 1.45367*®

1-Undecanethiol . . 103-104s 0.843^ 1.45816*®

1-Dodecanethiol -7 5 153-15524 0.8454^ 1.45886*®

1-Tridecanethiol ... 162-16622 0.8468|g 1.45906*®

l-Tetradet:anethiol

1-Hexadecanethiol

1-Octadecanethiol

6.5

18

25

176-18022

123-1280 6

170-1754

0.8484o 1.46005*®

by treating the mercaptans with the theoretical quantity of sodium

hydroxide dissolved in a small amount of water, or by the action

of sodium hydroxide on the mercaptans dissolved in an organic

solvent. The lead mercaptides are readily prepared by the action

of soluble lead salts on the mercaptans. Fore and Bost ^ have

described the preparation and properties of a series of higher alkyl

lead mercaptides obtained by treating an alcoholic solution of the

mercaptan with alcoholic lead acetate. The lead mercaptides are

yellow solids which melt without appreciable decomposition. The
melting point differences between the various higher alkyl lead

mercaptides are not great, as shown by the following values:

tridecyl, 100°; tetradecyl, 104-106°; hexadecyl, 106-107°; hepta-

decyl, 108-109°; octadecyl, 110-111°; and nonadecyl, 112-114°.

The alkanethiols decompose to yield alcohols, sulfides, and
olefins when heated to high temperatures with aqueous alkaline

solutions, the reaction rate apparently decreasing with increasing

molecular weight of the mercaptans.*®* The alkanethiols are very

reactive chemically, and can be employed as the starting point for

the synthesis of a number of sulfur-containing fatty acid deriva-

tives.
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The Aliphatic Sulfides, Sulfoxides, Sulfones, Dialkyl

Disulfides, and Related Compounds
The alkyl sulfides or thioethers, RR'S, are structurally related

to the ethers, but they differ decidedly from the latter in that they

are readily oxidized to sulfoxides, RR'SO, and sulfones, RR'SOa.
The high molecular weight alkyl sulfides can be prepared by reac-

tion of the mercaptans or mercaptides with alkylating or acylating

agents. They have also been obtained by the action of the higher

alcohol esters with alkali metal sulfides; however, such reactions

frequently yield mixtures of the sulfides and mercaptans. Several

other procedures have been proposed for the synthesis of the alkyl

sulfides.

Those sulfides which are derivatives of the higher fatty adds are

characterized by the presence of at least one long-chain hydro-

carbon group. Like the ethers they may be divided into symmet-

rical and unsymmetrical compounds depending upon whether the

R groups are similar or dissimilar. A niunber of examples of the

preparation of the symmetrical sulfides by the action of potassium

or sodium sulfide on the haloalkanes have been described. For

example, dibutyl sulfide has been obtained by the action of 1-

iodobutane with potassium sulfide.*“ Diheptyl sulfide,*** dioclyl

sulfide,*** and dihexadecyl sulfide *•* have been prepared similarly.

The s3mthesis of alkyl sulfides by heating haloalkanes with the

metallic sulfides has been patented.*** An alternate procedure for

the S3mthesi8 of the S3anmetrical sulfides is to treat an alkali metal

mercaptide with the corresponding haloalkane.

The following physical constants have been reported for the

symmetrical dialkyl sulfides:*** (m.p., b.p., jid) dipentyl,

-51.33°, 230.1°, —
,
—

;
dioctyl, 0.5°, 180io°, 0.8419}?, 1.46062®;

didecyl, 22°, 205-2064°, 0.83l2«, 1.45693® ®; didodecyl, 4(M0.6°,

260-2634°, 0.8275", — ; ditetradecyl, 49-50°, —
,
0.8258“, —

;

dihexadecyl, 57-fi8°, —
,

0.8253®°, —
;
dioctadecyl, 68-69°, —

,

0.81482°, —

.

Many examples of the preparation of the uni^ymmetrical sulfides

have been published in both the academic and the patent litera-

ture. These compounds include sulfides in which both R groups

are aliphatic and those in which one R group is aliphatic and the

other aromatic. Examples of the former tsrpe are ethyl dodecyl

sulfide, m.p. —6° to —5°, big 167-171°; and ethyl hexadecyl sulfide,

m.p. 19°, bi2 201-205°. These compounds are obtained by dis-
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solving ethyl mercaptan in a small amount of aqueous alkali, add-

ing a little ethanol, and treating the solution with the rei^ctive

1-iodoalkane.^^ Bost and associates have S3mthesized the

l-alkylthio-2,4-dinitrobenzenes and have proposed their use as

identifying derivatives for the mercaptans. These thioethers are

readily prepared by reaction of the respective sodium mercaptides

with l-chloro-2,4-dinitrobenzene in alcoholic solution. They form

light yellow plates or needles which possess sharp melting points.

The following l-alkylthio-2,4-dinitrobenzenes have been de-

scribed: (alkyl group, m.p.) hexyl, 74°; heptyl, 82°;

octyl, 78°; nonyl, 86°; decyl, 85°; undecyl, 90°; dodecyl, 89°;

tridecyl, 94.0-94.6°; tetradecyl, 93.5-94.0°; hexadecyl, 95.5-96.0°;

heptadecyl, 98.6-99.0°; octadecyl, 97.0-97.5°; and nonadecyl,

99.&-100°.

The condensation of alkali metal mercaptides with chlorohydrins

yields mixed thioethers which contain hydroxy groups. Such com-

pounds are frequently proposed as intermediates for the prepara-

tion of wetting agents and detergents.*®®-*®® Thus, the action of

1-hexadecanethiol with ethylene chlorohydrin in alkaline solution

3delds 2-hydroxyethyl hexadecyl sulfide, and 1-hexadecanethiol and

glycerol a-monochlorohydrin yield 2,3-dihydroxypropyl hexadecyl

sulfide. The prepara^tion of 2,3-dihydroxypropyl dodecyl sulfide,

m.p. 53°, by a similar procedure has been described.*®®- ®®^ A num-
ber of these hydroxy sulfides have been synthesized by Bennett

and Gudgeon *®* by the action of potassium methyl sulfide on the

chlorohydrins, the following w-hydroxyalkylthiomethanes having

been described: 7-hydroxyheptyl, &io 133-134°; 8-hydroxyoctyl,

6io 135-138°; 9-hydroxynonyl, m.p. 22°; 10-hydroxydecyl, m.p.

25°; 12-hydroxydodecyl, m.p. 49°; 14-hydroxytetradecyl, m.p. 38°;

16-hydroxyhexadecyl, m.p. 64-56°; 18-hydroxyoctadecyl, m.p. 62°.

The above hydroxy sulfides were converted into their chloro

analogs and an attempt made to obtain large-ring monosulfides by
ring closure. Those which contain seven to twelve carbon atoms

in the hydroxyalkyl group yield polysulfides; however, evidence of

ring closure was obtained with the higher members.

Compoimds which contain readily exchangeable halogen atoms,

such as the o-halo acids and their salts, react with the mercaptides

to form mixed thioethers. A variety of such compounds have been

prepared and proposed as intermediates for the synthesis of wetting

agents, examples being 2-(dodecylthio)acetic acid, which is ob-

tained by the reaction of sodium dodecyl sulfide with monochloro-
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acetic add, and 2-(ethylthio)8tearic add, from 2-chloroBtearic add
and sodium ethyl sulfide.**^^ The preparation and properties of a
number of compoimds of this type have been described.*®*^ Ur-

quhart and Connor *®® have discussed the preparation of 2-(heptyl-

thio)acetic acid by the action of sodium chloroacetate on sodium

heptyl sulfide. Surface active chemicals have also been obtained

by the condensation of amino carboxylic acids with sulfides which

contain a reactive halogen, such as chloromethyl dodecyl

sulfide.®®^

Jones and Reid *®® have studied the addition of sulfur, hydrogen

sulfide, or mercaptans to unsaturated hydrocarbons. The addition

of hydrogen sulfide is effected by heating the olefin and hydrogen

sulfide in a steel bomb for ten hours at 180° in the presence of a

small amount of sulfur. The mercaptan which is first formed

rapidly adds to a second mole of the alkene to form a sulfide. In

their study of the addition of mercaptans to olefins, they observed

that the presence of peroxides influences the direction of addition,

1-octene and ethanethiol yielding ethyl octyl sulfide if the addition

takes place in the presence of peroxides. These authors prepared a
number of sulfides by the reaction of mercaptans with terminally

unsaturated hydrocarbons and identified the products by compar-

ing them with sulfides obtained by the action of mercaptides with

l-bromoalkanes. The melting points reported for these sulfides

are: 1-phenylthioundecane, 33.8°; 1-phenylthiotridecane, 43.9°;

1-phenylthiopentadecane, 51.1°; 1-phenylthioheptadecane, 57.6°;

1-phenylthiononadecane, 60.5°; 1-p-tolylthioundecane, 29.8°; 1-p-

tolylthiotridecane, 40.2°; 1-p-tolylthiopentadecane, 48.8°; l-p-

tolylthioheptadecane, 55.8°; 1-p-tolylthiononadecane, 59.5°; 1-/3-

naphthylthioundecane, 46.8°; l-j3-naphthylthiotridecane, 54.5°; 1-

/3-naphthylthiopentadecane, 60.9°; l-/3-naphthylthioheptadecane,

66.2°; l-/3-naphthylthiononadecane, 70.0°; 1-dodecylthioundecane,

37.2°
;

1-dodecylthiotridecane, 39.8°; 1-dodecylthiopentadecane,

49.2°; 1-dodecylthioheptadecane, 52.1°; and 1-dodecylthiononadec-

ane, 53.2°. The addition of 1-tridecene to dimercaptans of the

general formula HS(CH2)nSH yields the disulfides C13H27-

S(CH2)nSCi3H27, and Jones and Reid ®®* have prepared the mem-
bers of this series of disulfides in which n varies from two to eight-

een. The addition of 1-dodecanethiol to 1-allylthiododecane gives

the ^3anmetrical disulfide Ci2H26S(CH2)3SCi2H26, m.p. 47°,

which is identical with that obtained by the action of 1-bromo-

dodecane on trimethylenedithiol.
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Compounds of the general formula RSCH2CH2(OCH2CH2)ar

OCH.2CH.2OH. are obtained by condensationof thealiphatic mercap-

tans with ethylene oxide,^ and the condensation product of 1-

dodecanethiol and five moles of ethylene oxide, the probable

formula of which is Ci2H26SCH2CH2 (0CH2CH2)30CH2CH20H,
has been proposed as a wetting agent. The action of ethylene

oxide with the thioethers, such as 2,3-dihydroxypropyl dodecyl

sulfide, has also been investigated.*™**^ The reaction of mercap-

tans with 3-substituted-l,2-epoxypropanes yields a variety of sur-

face active chemicals.*^** *^*

The high molecular weight alkyl sulfides have been used as

intermediates for the preparation of many high molecular weight

sulfur-containing derivatives. They readily form addition prod-

ucts with metallic salts such as mercuric chloride, the addition

products often melting without appreciable decomposition.

The dialkyl sulfides are reactive with haloalkanes or related com-

pounds to yield alkylsulfonium compounds (RR'R"S)“^X“,*^^**^*

which possess many of the physical properties of the quaternary

nitrogen compounds. Bost and Everett *“ have prepared several

of the higher alkylsulfonium halides by reaction of the dialkyl

sulfides with alkyl halides, ethyl hexadecyl sulfide and methyl

bromide yielding methylethylhexadecylsulfonium bromide, m.p.

77°. With methyl iodide the corresponding sulfonium iodide,

m.p. 73°, is obtained. Methylethyldodecylsulfonium iodide, m.p.

65°, was similarly prepared. Methylethylhexadecylsulfonium

nitrate, m.p. 61°, has been obtained by the action of silver nitrate

on the corresponding iodide. It was reported that solvents which

possess high dielectric constants favor the reaction for sulfonium

halide formation, methanol being the best solvent investigated.

The preparation of a number of sulfonium compounds which con-

tain at least one long-chain alkyl group has been described.*^* The
list includes dodecylbenzylmethylsulfonium methosulfate, m.p.

70-71°, 2-palmitoxyethyl-p-tolylmethylsulfonium methosulfate,

m.p. 54-65°, S,S'-didodecyl-S,S'-dimethylethylenedisulfonium di-

methosulfate, m.p. 155-156°, and others. The use of the higher

alkylsulfonium compounds such as dimethyldodecylsulfonium bro-

mide and dimethylhexadecylsulfonium iodide as wetting agents has

been suggested.*^

The aliphatic sulfides are easily oxidized to sulfoxides which can,

by the use of stronger oxidizing agents, be further oxidized to sul-

fones. Hunter *^® has prepared a number of sulfoxides and sulfones
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from the symmetrical dialkyl sulfides, the former being obtained

by the action of dilute nitric add and the latter by the use of

hydrogen peroxide in acetic acid or by the use of fuming nitric

acid. The reported melting points of the sulfoxides, R2SO, and

the sulfones, R2SO2, so obtained are as follows: (R, sulfoxide m.p.,

sulfone m.p.) dodecyl, 89-90®, 94.5-95.5®; tetradecyl, 95-96°,

99.5-

100®; hexadecyl, 97-98®, 100-100.5®; octadecyl, 99-100®,
105.5-

106.5®. Diheptyl sulfoxide and sulfone freeze at 70® and
80®, respectively.***

Many uns3nnmetrical sulfones have been synthesized and de-

scribed. A very satisfactory procedure for the i^thesis of the

dialkyl sulfones consists of adding a saturated aqueous solution of

potassium permanganate to a glacial acetic acid solution of the

sulfide.*’* For example, l-(ethylthio)dodecane yields l-(ethylsul-

fonyl)dodecane, m.p. 78.5®, and l-(ethylthio)hexadecane yields

l-(ethylsulfonyl)hexadecane, m.p. 88®, when so treated.*** A sim-

ilar treatment of the l-alkylthio-2,4-dinitrobenzenes gives the

corresponding sulfones. These sulfones are described as snow-

white, ciystalline-to-waxy solids which possess the following melt-

ing points:*^***'*®’ (alkyl group, m.p.) hexyl, 97®; heptyl, 101®;

octyl, 98®; nonyl, 92®; decyl, 93®; undecyl, 97®; dodecyl, 101®;

tridecyl, 101.5®; hexadecyl, 105®; heptadecyl, 106.5®; and octa-

decyl, 107.5®. The oxidation of the 2-alkylthio acids yields the

corresponding alkylsulfonyl acids,*** an example being the oxidar

tion of heptylthioacetic acid to heptylsulfonylacetic acid, m.p.

95.5-

96®, by the use of hydrogen peroxide in glacial acetic acid.

High molecular weight alkyl sulfides which contain hydroxy-

alkyl groups have been oxidized to the corresponding sulfones, the

sulfonation of which has been proposed for the preparation of wet-

ting and emulsifying agents.*** Examples have been given of the

preparation of l-(2-hydroxyethylsulfonyl)dodecane, l-(2,3-dihy-

drox3rpropylsulfonyl)dodecane and similar products. Vinyl sul-

fones of the general formula R(S02CH:CH2)x, where R is a long-

chain alkyl group, have been described,**^’*** and it has been pro-

posed to treat such sulfones with monosodium sulfite to produce

surface active chemicals. Sulfones such as l-(hexadecylsulfonyl)-

4-chlorobenzene, m.p. 66-68®, are reactive with secondary amines

to yield a variety of compounds which are useful as wetting

agents.***

The dialkyl disulfides, USSR', are obtained in* high yields by
the oxidation of mercaptans or mercaptides with iodine, sulfuryl
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chloride, or other mild oxidizing agents. The higher molecular

weight mercaptans are very readily oxidized to disulfides, and it

has been observed ^ that considerable conversion of 1-dodecane-,

1-hexadecane-, and 1-octadecanethiol to the corresponding disul-

fides occurs upon exposure to air at ordinary temperatures. Ex-

amples of the S3^thesis of didodecyl, dihexadecyl, and dioctadecyl

disulfides by oxidation of their alcoholic solutions with iodine have

been published.*^ Fore and Host have described the prepara-

tion of dialkyl disulfides by treatment of the lead mercaptides sus-

pended in glacial acetic acid with a slight excess of iodine. The
reaction mixture is diluted with water, the precipitated disulfides

and lead iodide are removed by filtration, and the lead iodide is

separated by washing the precipitate with aqueous potassium

iodide, which converts it to the soluble double iodide. Oxidation

of the so-called Bunte salts (sodium alkyl thiosulfates) with

iodine or hydrogen peroxide yields dialkyl disulfides. West-

lake and Dougherty have ignithesized dibutyl, diheptyl, di-

octyl, didodecyl, and dioctadecyl disulfides by the use of this

method. It is not necessary to isolate the intermediate sodium

alkyl thiosulfate, since it may be oxidized directly to the disulfide.

The higher molecular weight dialkyl disulfides are odorless,

crystalline compounds which are slightly soluble in cold ethanol

and acetone. The following constants have been reported for these

disulfides: dibutyl, 63 90-100°; diheptyl, 65 143-147°; dioctyl,

65 178-183°; didodecyl, m.p. 33.6-34°; ditridecyl, m.p. 43.6-44°;

ditetradecyl, m.p. 46.6-46°; dihexadecyl, m.p. 53.5-64°; dihepta-

decyl, m.p. 59.5-60°; dioctadecyl, m.p. 62.0-62.6°; and dinona-

decyl, m.p. 68.5-69°.

7 Oxidation of the dialkyl disulfides yields sulfonic acids as the

final product, with the probable intermediate formation of dialkyl

disulfones.*^ Reduction of the dialkyl disulfides with zinc dust

and acetic acid or other reducing agents yields the corresponding

mercaptans.

The Alkanesulfonie Acids and Related Compounds
The high molecular weight alkanesulfonie acids and their salts

have been the subject of many investigations as regards both their

lynthesis and their chemical and physical properties.

The pure higher alkanesulfonie acids are generally obtained by
treatment of mercaptans or mercaptides with strong oxidizing

agents. The preparation of 1-hexadecanesulfonic acid was accom-
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plished by Reychler by the oxidation of 1-hexadecanethiol with

an aqueous solution of potassium permanganate, and separation

of the sulfonate as the lead salt. The free acid was obtained by
treatment of this salt, suspended in ethanol, with hydrogen

sulfide. A subsequent investigation showed that this method
results in low yields of the sulfonic acid. In a continuation of the

study of the preparation of higher alkanesulfonic acids from mer-

captans,*^ it was observed that either the mercaptans or the di-

sulfides are smoothly oxidized by powdered potassium permanga-

nate in acetic add or acetone, or by chromic anhydride in acetic

acid, to give high yields of the corresponding sulfonic acids. These

were isolated as their lead salts, which were then suspended in

water and decomposed by the addition of hydrochloric acid, the

higher alkanesulfonic acids being ^
^salted out” upon addition of

mineral acid. Such an oxidation was stated to be more satisfactoiy

than the use of aqueous potassium permanganate, and the use of

hydrochloric acid to be preferable to that of hydrogen sulfide. The
oxidative reactions with either the mercaptans or the disulfides

gave substantial amounts of a neutral compound which was
thought to be composed largely of disulfones. In a detailed inves-

tigation of the oxidation of 1-hexadecanethiol with potassium

permanganate, Flaschentrager and Wannschaff observed that

2,2-di(hexadecylthio)propane, m.p. 53°,

16H33

SC16H33

is formed together with potassium hexadecanesulfonate when the

oxidation is conducted in acetone. When, however, water or acetic

acid is employed as the solvent, dihexadecyl disulfide is one of the

reaction products.

Fewer secondary products and higher yields of alkanesulfonic

acids are apparently obtained by oxidation of mercaptans, mer-

captides, or disulfides with nitric acid than by oxidation with the

other oxidizing agents so far investigated. Murray ^ has reported

that the oxidation of 1-hexadecanethiol or dihexadecyl disulfide

by means of fuming nitric acid gives a 98% yield of the correspond-

ing alkanesulfonic acid. 1-Hexadecanesulfonic acid has been ob-

tained by the oxidation of 1-hexadecanethiol with 60% nitric

acid. The sulfonic acid was separated as the lead salt, which was

converted into the free acid and lead chloride by dry hydrogen

chloride in 2-propanol. The higher alkyl lead mercaptides are also
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readily oxidized to the corresponding lead sulfonates by the action

of 50% nitric acid.*^^ The following 3delds of lead sulfonates have

been obtained by oxidation of the lead mercaptides: nonane-,

16.7%; decane-, 75.5%; undecane-, 83.0%; dodecane-, 76.0%;

tridecane-, 58.0%; and tetradecane-, 68.5%. The oxidation of

alkyl pol3rsulfides with oxidizing agents such as hypohalous acids

yields the corresponding alkanesulfonates.”^

A number of allyl-type sulfonates have been prepared by the

oxidation of mercaptans in which the thiol group is directly

attached to a tertiary carbon atom joined directly to an alkenyl

radical. Such compounds may be oxidized to sulfonic acids by the

use of nitric acid, hydrogen peroxide, or other strong oxidizing

agents!

The action of sulfites on the haloalkanes is a very successful

method for the preparation of the low molecular weight alkane-

sulfonic acids. This reaction was first proposed by Strecker in

1868. In her study of the preparation of hexadecanesulfonic acid,

Norris stated that this method is not satisfactory for the prepa-

ration of the higher alkanesulfonic acids, and other investigators

have supported this statement. However, such reactions have

been stated in the patent literature to be adaptable to the prepa-

ration of these higher acids, and examples have been given of

the preparation of dodecanesulfonic acid by the action of dodecyl

hydrogen sulfate with sodium sulfite under pressure. In 1935,

Reed and Tartar obtained approximately 70% yields of the

sodium alkanesulfonates by heating the corresponding bromo-

alkanes with aqueous sodium sulfite imder pressure for nine hours

at 180-200°. The even-carbon-membered sodium alkanesulfonates

from sodium octanesulfonate to sodium octadecanesulfonate were

obtained by this method. More recently, Latimer and Bost ^
have reported the synthesis of a number of alkanesulfonic acids by
the action of the bromoalkanes with ammonium sulfite, the sul-

fonic acids being isolated as their barium salts. Alkanesulfonic

acids have also been obtained by the action of alkali sulfites on the

higher alcohol esters of halogenated acids, such as hexadecyl

chloroacetate.®*®

The high molecular weight alkanesulfonic acids are soaplike

solids which are quite hygroscopic and readily form hydrates and
other solvates. They are extremely diflScult to prepare in a state

of high purity. Since they are highly acidic they rea^y fonn salts,

many of which are veiy water soluble and function as colloidal
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electrolytes. The reported melting points of several of the higher

alkanesulfonic acids ^ are shown in Table X.

Several identifying derivatives have been proposed for the

alkanesulfonic adds. The benzylanilinium alkanesulfonates, for

example, have been observed to be nonhygroscopic and to

possess shaip melting points which are as follows: (alkane- group,

m.p.) nonane-, 90.6-91.0°; decane-, 84.0-84.5°; undecane-, 84.6-

84.7°; dodecane-, 91.0-91.2°; tridecane-, 87.5-88.0°; tetradecane-,

82.5-82.7°. The phenylhydrazine salts of the lower alkanesulfonic

TABLE X

Melting Points of Alkanesulfonic Acids

No of M.P

,

M P
, “C.

C Atoms Monohydrate Anhydrous

9 46

10 46.5

11 40-41 49

12 43-45 52

13 48-49 58

14 55-56 65.5

16 ... . 53-54

acids ^ melt as follows: (alkane- group, m.p.) butane-, 114-115°;

pentane-, 108-108.2°; hexane-, 101-101.6°; heptane-, 100-100.5°;

and octane-, 90-90.5°.

The surface active properties of the alkanesulfonic acids and

their water-soluble salts have long been a subject of interest and

have formed the basis of a number of detailed investigations.

Reychler first pointed out that sodium hexadecanesulfonate

is surface active and possesses many of the properties of an ordi-

nary soap. Later, Norris observed that hexadecanesulfonic acid

functions as a hydrogen soap and that its solutions possess a be-

havior characteristic of solutions of colloidal electrolytes.- Inves-

tigations of the electrical behavior «®o.4oo.4oi Qf solutions of the

alkanesulfonic acids showed that the lower members of the series

function as strong electrolytes but that the higher members, from

heptanesulfonic acid upward, show a behavior analogous to that

observed for solutions of the higher soaps. When the equivalent

conductance is plotted against the curves fall linearly with

concentration up to a certain critical concentration. At this point

the curves fall abruptly to a minimum, after which an appreciable
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rise is evidenced. This phenomenon has been attributed to the

formation of associated particles and is characteristic of the be-

havior of colloidal electrol3rtes. The higher the alkane group of

the sulfonic acid, the lower is the critical concentration for micelle

formation. The equivalent conductances of several of the alkane-

sulfonic adds are shown in Fig. 3.

The solubilities of the salts of the alkanesulfonates parallel those

of other colloidal electrolytes in that they increase greatly at the

critical concentration for micelle formation. Murray and Hart-

ley^ observed such a behavior for the sodium, lithium, and
potassium salts of 1-hexadecanesulfonic acid. The most compre-

hensive work on the solubilities of the salts of the higher alkane-

sulfonic acids is that of Heed and Tartar,"® who have reported the

solubilities of the calcium, magnesium, and sodium salts of the

alkanesulfonic acids from 1-octanesulfonic acid to 1-octadecane-

sulfonic acid. The reported solubilities of these salts in water are

shown in Table XI.

The extremely low solubilities of the calcium and magnesium
salts are significant. It wiU be noted that the solubilities of the

sodium salts decrease greatly with increase in the chain length.

The conductivity behavior of solutions of the sodium alkanesul-
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fonates parallels that of solutions of the free sulfonic adds."’ The
interfacial tensions between benzene and solutions of the sodimn

alkanesulfonates show characteristic changes with time. The
cupric^ magnedum, zinc^ aluminum, thallium, nickel, manganous,

ferrous, and cobalt salts of 1-hexadecanesulfonic add are water

soluble, whereas the calcium, strontium, barium, ferric, silver, and

lead salts are insoluble.^’ The solubilities of the lithiiun, sodium,

and potassium salts of 1-hexadecanesulfonic acid are as follows:

TABLE XI

Solubilities of Salts of 1-Alkanesulfonic Acms

Grams per 100 g. Water

No. of C Ga salt Mg salt Na salt

Atoms 25“ 60“ 25“ 60“ 25“ 60“

8 74.40

10 0 155 0 260 0.268 .... 4.55 . . .

12 .011 033 .033 48 0 0.253 >48
14 .0014 .005 .0035 0 016 .041 38.8

16 .0005 .0013 0012 .006 0073 6.49

18 .0006 .0007 .0010 .003 .0010 0 131

(salt, sol. in mg./lOO cc. water at 22®) Li, 30.4; Na, 18.4; and K,

15.2.

A number of higher alkyl derivatives of the aromatic sulfonic

acids have been described. Sekera and Marvel ^ have prepared

the alkyl esters of p-toluene- and 2>*bromobenzenesulfonic adds,

and have proposed their use as alkylating agents. The melting

points of these esters are as follows: (p-toluenesulfonates, m.p.)

dodecyl, 30°; tetradecyl, 35°; hexadecyl, 49°; octadecyl, 56°;

(p-bromobenzenesulfonates, m.p.) decyl, 43-44°; dodecyl, 49°;

tetradecyl, 51.5°; hexadecyl, 60°; and octadecyl, 64--65°. Details

of the preparation of dodecyl p-toluenesulfonate have been pub-

lished."® Meals and Gilman have prepared p-dodecyl-2-

naphthalenesulfonanilide and the five isomers formed by var3dng

the position of attachment to the dodecane portion in their study

of the reliability of mixed-melting-point determinations with

structurally similar compounds.

The patent literature contains a number of examples of the

preparation of higher alkyl-substituted aromatic sulfonic adds.

Flett"® has synthesized compounds such as sodium dodecyl-
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hydroxybenzenesulfonate and has proposed their use as deter-

gents. Higher alkyl-substituted sulfonated phenols have been

condensed with the higher alcohols in the presence of condensing

agents such as zinc chloride, and details have been given for the

preparation of many nuclear alkyl-substituted sulfonated phenols

and allied compounds.^ Their use as emulsifying and suspending

agents has been proposed.^^ The higher nuclear alkyl-substituted

naphthalenesulfonates have likewise been described."® Thomas
has prepared the salts of several alkyl-substituted aromatic poly-

sulfonic acids, such as disodium tetradecylnaphthalenedisulfonate

and disodium decylanthracenedisulfonate. Condensation products

of the higher aliphatic sulfides with aromatic sulfonic acids and a

lower primary aliphatic alcohol have been described.^^^ Such

products include dimethylhexadecylsulfonium p-toluenesulfonate,

diethyldodecylsulfonium j^naphthalenesulfonate, and similar com-

pounds. The cycloaliphatic sulfonic derivatives such as sodium

cyclohexanesulfonate can be condensed with high molecular weight

acid chlorides, e.g., octadecenoyl chloride, for the preparation of

surface active compounds.^^

The fact that compounds which contain a sulfonic acid group

together with a long-chain hydrocarbon radical are surface active

and function as colloidal electrolytes has resulted in an extensive

patent literature pertaining to derivatives of this type. A nuiAber

of fatty compounds have been treated with sulfonating agents for

the preparation of water-soluble products. Some of the reactions

described yield true sulfonic acids or their salts; however, others

undoubtedly give heterogeneous mixtures consisting of sulfates

and sulfonates together with other products. True sulfonic acids

may be obtained by the action of sulfonating agents on olefins, and

it has been proposed to treat the higher olefins "3,4i4,4i6 qj. higher

unsaturated alcohols such as octadecen-l-ol with sulfonating

agents for the preparation of wetting agents. The action of sul-

fonating agents with the higher saturated alcohols probably yields

sulfates as the major components, although such products are fre-

quently of heterogeneous composition. Many examples of the

action of sulfonating agents with the higher alcohols and the use

of the resulting products as wetting agents are to be found in the

patent literature.^^**"®*"®'"^*"® The action of sulfonating agents

with chlorinated alcohols has been described,"® and wetting agents

have been prepared by condensation of the sodium soaps with salts

of the chloroalkanesulfonates such as sodium chloromethane-
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sulfonate,^ or by the action of sulfonating agents on the higher

hydroxyalkyl sulfides.^^ Surface active chemicals have also been

obtained by the action of sulfonating agents on the higher alkyl

borates^ or other esters.^ Waldmann and Chwala have de-

scribed the preparation of a number of sulfonated higher aliphatic

amino ethers and have suggested their use as wetting agents. Con-

densation of fatty alcohols with sulfuryl chloride or the sodium salt

of sulfanilic acid produces surface active chemicals.^® Several

detergent compositions have been proposed which comprise mix-

tures of the alkyl sulfates and sulfonates.^®®

Other Sulfur-Containing Aliphatic Derivatives

Although the mercaptans, sulfides, sulfonates, and allied com-

pounds constitute the most important of the higher alkyl sulfur-

containing derivatives, several other types of sulfur compounds

merit mention.

The magnesium alkylsulfinates, (RS02)2Mg *21120, containing

from three to sixteen carbon atoms inclusive have been S3mthe-

sized by the action of dry sulfur dioxide on the respective alkyl-

magnesium bromides. These compounds are white powders which

are insoluble in ethanol. The lower members are slightly soluble

in hot water, but the higher members are quite insoluble. The
sodium alkylsulfinates, RS02Na *21120, are water soluble and yield

solutions which resemble those of the higher soaps. Sodium alkyl-

sulfinates are reactive with haloalkanes to 3deld sulfones, and a

series of 1,2-dialkylsulfonylethanes, (RSO2CH2—)2, has been pre-

pared by reaction of the sodium alkylsulfinates with 1,2-dibromo-

ethane. Several alkylsulfonylethanes, RSO2C2H5, have also been

prepared by this procedure.

Salts of the higher alkylxanthates, ROCS2M, where R is a higher

alkyl radical and M is an alkali metal, have been obtained by the

action of higher alcohols with carbon disulfide in the presence of

alkali metal hydroxides.^®® It was stated that such compounds
function as vulcanization accelerators, and their use as wetting

agents has been proposed.^®® The higher alkylxanthicformates and

their higher alcohol esters have been S3mthesized by the action of

phosgene on the alkylxanthates.^®^ Such compounds have been

stated to be vulcanization accelerators and to possess parasiticidal

activity. The condensation products of chloromethoxyhexadecane

with thiourea and with the alkali metal salts of hyposulfurous

acid or sulfanilic acid ^®® have been described.
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The higher alkylthiobenzothiazoles have been synthesized by

the reaction of sodium mercaptobenzothiazole with haloalkanes.^*^

For example, 2-hexadec3dthiobenzothiazole is obtained by the re-

action of sodium mercaptobenzothiazole with 1-bromohexadecane:

-f CuHssBr —

>

+ NaBr

Such compounds can be further treated with chloroalkanes or

other esters for the preparation of the corresponding quaternary

ammonium derivatives. Sulfonated derivatives of the alkyl-

substituted indoles have been synthesized and described.^^^

Pseudo-thiohydantoins, RS
/NH—CHR
< I ,\n

—

c=o
result from the re-

action of ar-bromo acids with thiourea, and the following 5-alkyl-

pseudo-thiohydantoins have been described:^®® (alkyl group, m.p.)

butyl, 183°;decyl, 182.5®
;
dodecyl, 180.5®

;
tetradecyl, 176.5®; and

hexadecyl, 175®. Their hydrolysis yields a-mercapto acids which

have the following boiling or melting points: 2-mercaptocaproic

acid, 6 234®; 2-mercaptolauric acid, 59®; 2-mercaptomyTistic acid,

66®; 2-mercaptopalmitic acid, 72-73®; and 2-mercaptostearic acid,

80®.

HIGHER ALKYL DERIVATIVES OF PHOSPHORUS AND ARSENIC

The higher alkyl derivatives of phosphorus and arsenic have not

been extensively investigated; however, the phosphonium and

arsonium compounds have occasioned interest owing to their

similarity in physical behavior to the quaternary ammonium com-

pounds. Jerchel ^ has recently prepared a number of phospho-

nium and arsonium halides which contain a long-chain alkyl group

and has studied their physical behavior and bactericidal properties.

Octyltriethylphosphonium iodide, C8Hi7(C2H6)3PI, is obtained by
the reaction of 1-iodooctane with triethylphosphine.^^ The do-

decyl and hexadecyl homologs are prepared in a similar manner.

The condensation of benzyldimethylphosphine with l-iodooctane,

-dodecane, or -hexadecane yields the corresponding benzylalkyl-

dimethylphosphonium iodides. Hie use of 1-chloroalkanes yields

the corre^onding phosphonium chlorides. The structurally re-

lated arsonium compounds may be likewise prepared from the

alkylarsines and the haloalkanes. The dimethylalkylarsines are
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obtained by the action of dimethyliodoarsine, (CH3)2AsI, with

alkylmagnesium halides. The following alkyldimethylarsines have

been prepared and described: octyldimethylarsine, bn 102-104®;

dodecyldimethylarsine, bio 149-160®
;
and hexadecyldimethyl-

arsine, bn 200-202®. The melting points of a number of the higher

alkylphosphonium and -arsonium halides as reported by Jerchel

are shown in Table XII.

TABLE XII

MEiiTiNG Points of Alkylphosphonium and -ABSONiuM Halides

Hahde M.P
, “C.

Phosphonium
Octyltnethyl—iodide 94

Dodecyltnethyl—iodide 110

Hexadecyltnethyl—iodide 125

Dodecyldimethylbenzyl—chloride 176

Hexadecyldimethylbenzyl—chloride 189

Octyldimethylbenzyl—^iodide 72

Dodecyldimethylbenzyl—^iodide 49

Hexadecyldimethylbenzyl—^iodide 66

Arsomum
Octyltnethyl—^iodide 68-70

Dodecyltnethyl—^iodide 98

Hexadecyltnethyl—iodide 114

Octyldimethylbenzyl—chlonde 144-146

Dodecyldimethylbenzyl—chlonde 159-161

Hexadecyldimethylbenzyl—chlonde 181-183

Octyldimethylbenzyl—^lodide 71

Dodecyldimethylbenzyl—^lodide 72

Hexadecyldimethylbenzyl—^iodide 69

Many of these compounds are water soluble, and such solutions

imdoubtedly parallel those of the quaternary ammonium com-

pounds in physical behavior.
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X

THE FATTY ACID ANHYDRIDES, ACID

CHLORIDES, ALDEHYDES, KETONES, AND
RELATED COMPOUNDS

THE FATTY ACID ANHYDRIDES

The anhydrides of the lower aliphatic carboxylic acids, acetic,

propionic, and butyric, are well-known compounds. Those of the

higher acids, however, have attracted little scientific and technical

interest. Although the lower anhydrides are liquids which readily

dissolve in water with the formation of the related acids, the an-

hydrides of the higher acids are stable solids which are compara-

tively insoluble in water and are hydrolyzed only with some diffi-

culty. An interesting feature concerning the aliphatic anhydrides

is that whereas the lower anhydrides possess melting points appre-

ciably below those of the corresponding acids, the higher anhy-

drides show melting points somewhat above those of the related

acids. Since the aliphatic anhydrides contain two acyl groups,

they are represented by two types of compounds; namely, the

S3nnmetrical or simple anhydrides, (RC0)20, in which the R
groups are alike, and the unsymmetrical or mixed anhydrides,

(RC0)(R'C0)0, in which they differ. Mixed anhydrides of the

fatty acids and various inorganic acids have also been S3mthesized

and described.

Several procedures are available for the preparation of the sym-
metrical anhydrides of the higher fatty acids. The most direct of

these methods consists of the removal of a molecule of water from

two molecules of acid by the action of strong dehydrating agents

such as acetic anhydride. A procedure first proposed by Albitskif ^

consists of heating the free acids with acetic anhydride under pres-

sure in a glass tube at 150-160°. This method is satisfactory for

the preparation of anhydrides of both saturated and unsaturated

carboxylic acids; for example, a 73% yield of linoleic anhydride
794
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is obtained ^ by heating linoleic add with acetic anhydride in a

sealed tube at 140-150^ for four hours. Holde and Wilke ^ have

reported an 84.5% yield of erudc anhydride from erudc acid by
this procedure. The method of purification generally consists of

the removal by vacuum distillation of the excess acetic anhydride

together with the acetic acid formed during the reaction. The
residue is then dissolved in petroleum ether and the solution washed

with dilute sodium carbonate solution to remove any traces of

acetic acid or unreacted higher acid. After being washed with

alcohol, the petroleum ether solution is dried and the ether re-

moved by distifiation. Holde and Tacke * reported a 94% yield

of oleic anhydride from oleic acid, employing this method of purify-

ing the reaction mixture. The higher anhydrides may readily be

obtained simply by refluxing the respective acids with an excess of

acetic anhydride. Palmitic anhydride and stearic anhydride, for

example, have been prepared from palmitic and stearic acids by
this method,^ and Holde and Gentner * have obtained the anhy-

drides of the even acids from caprylic to stearic inclusive by its

use. The reaction mixture is refluxed over an oil bath for four to

seven hours, the excess of acetic anhydride and the acetic acid are

removed under a vacuum, and the anhydride is purified through its

petroleum ether solution. In several instances yields as high as

91.5% are obtained. The application of this method to the prepa-

ration of the lower symmetrical anhydrides, such as caproic anhy-

dride, has also been described.® For the synthesis of anhydrides

of unsaturated acids, Holde and Gentner^® have recommended
that the reaction be conducted in the presence of carbon dioxide.

Thus, linoleic anhydride is prepared by heating the acid under a
reflux condenser with three times the calculated amount of acetic

anhydride for 4.6 hours at 150-170° in an atmosphere of carbon

dioxide, a 91% yield of the anhydride being obtained. Dehydra-

tion of fatty acids by means of acetic anhydride is facilitated by
the continuous removal of the acetic acid resulting from the reac-

tion.^^ It has been proposed to introduce the vapors of the lower

anhydride below the surface of the heated acid and to remove con-

tinuously the excess of lower anhydride and the acid from the

reaction zone.^ It has recently been stated that small amounts

of sulfuric acid are catalytic for anhydride formation by this

method.

Although acetic anhydride is the most commonly employed

dehydrating agent for the conversion of the higher fatty acids into
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their respective anhydrides, a number of other dehydrating agents

have been investigated. The monobasic adds yield a mixture of

anhydrides and ketones when heated with phosphorus pentoxide,

and approximately 80% yields of palmitic anhydride and stearic

anhydride are obtained by subjecting the respective acids in ben-

zene solution to the action of phosphorus pentoxide formed in situ

from phosphorus and air.^^ Acetyl chloride may be employed as

the dehydrating agent, an example being the preparation of caproic

anhydride by the action of acetyl chloride on caproic acid.^® It

has been stated that if the saturated fatty acids are treated in

dilute ether solution with acetyl chloride, the higher acids lauric,

myiistic, palmitic, and stearic 3deld the corresponding simple

anhydrides, whereas the lower acids caproic, caprylic, and capric

yield mixed anhydrides. This statement has not been verified,

although it has been proposed to separate the higher from the lower

fatty acids by recourse to this procedure.

The sodium salts of the higher acids are frequently used as

starting points for the preparation of anhydrides. Foremost

among such methods is that first introduced by Gerhardt,^^ which

consists of heating the anhydrous sodium soap with its correspond-

ing add chloride, the reaction proceeding as follows:

RC02Na + RCOCl (RC0)20 + NaCl

Among the first to adapt this reaction to the preparation of

higher aliphatic anhydrides was Villier,^® who obtained palmitic

anhydride by the action at 150^ of palmitoyl chloride on sodium

palmitate. Enanthic, caprylic, pelargonic, lauric, m3rristic, and

palmitic anhydrides have been synthesized by the action of their

add chlorides on the corresponding sodium salts. The sodium

soaps also yield the corresponding symmetrical anhydrides when
heated in a sealed tube with acetic anhydride, Michael ^ having

described the preparation of caproic anhydride by heating sodium

caproate with acetic anhydride. Whitby has prepared a number
of anhydrides of saturated acids by heating their silver salts with

their respective add chlorides.

One of the earlier methods for the preparation of anhydrides

consists of treating the anhydrous sodium soaps with phosgene,^

the reaction proceeding as follows.

2RC02Na + COCl2 (RC0)20 + CO2 + 2NaCl

Anhydrides of the fatty acids of tall oil have been obtained

by treating suspensions of their sodium soaps in benzene with
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phosgene. Anhydrides result from the action of p3rrosulfates on

the anhydrous soaps of fatty adds,^ or from treatment of soaps in

the presence of inert diluents with sulfur dioxide dissolved in sul-

furic add.®* An early patent proposes the preparation of higher

anhydrides by the action of sulfur monochloride on the soaps of

fatty acids, and it has also been suggested ^ to prepare such anhy-

drides by treating the sodium soaps with sulfur and chlorine.

Sulfur monochloride and thionyl chloride react with some metal

salts of the fatty acids to give compounds of the formulas

(RC02)2S2 and (RC02)2S0 respectively, which yield anhydrides

when heated above their decomposition points.®* Thus, silver

palmitate and sulfur monochloride yield the so-called thiosulfite

(Ci6H3iC02)2S2, which is converted into palmitic anhydride on

heating. The metallic soaps yield the corresponding anhydrides

when treated with phosphorus oxychloride, an example being the

preparation of caproic anhydride by the action of phosphorus oxy-

chloride on barium caproate.®®

The reaction of ketene with the higher acids first yields a mixed

acetic anhydride, thus: **

RCO2H + CH2==C==0 — RCO2COCH3
•

When these mixed anhydrides are distilled at relatively high

temperatures they are generally transformed into the two iS3rm-

metrical anhydrides. The use of two moles of fatty acid and one

mole of ketene yields the symmetrical anhydride and acetic acid.

The action of ketene on caproic acid at low temperatures, followed

by fractional distillation of the resulting product, produces caproic

anhydride. The preparation has been described in detail,*^ and

jdelds of 80-87% of the theoretical amount have been reported.

The overall reaction is as follows:

2C6H11CO2H + CH2=C=0 — (C6HiiC0)20 + CH8CO2H

The preparation of ketene has been described by Williams and

Hurd.*®

When two moles of an aromatic carboxylic acid are treated with

one mole of oxalyl chloride in benzene solution, a high yield of the

aromatic acid anhydride is obtained; ** however, when the same

procedure is applied to the preparation of aliphatic anhydrides,

the yields are much lower. *^ The resulting product contains appre-

ciable amounts of unchanged acid and also of acid chloride, thus

indicating that aliphatic anhydrides are more readily converted
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to add chlorides by this reagent than are aromatic anhydrides.

Higher yields of aliphatic anhydrides are obtained by the action of

oxalyl chloride on the sodium salts of the adds. It was postulated

that the simple anhydride may be formed through a double anhy-

dride of the add and oxalic acid, thus:

2RCO2H -h (COCl)2 (RC02C0)2 (RC0)20 + CO2 + CO

The reaction of the sodium salts with oxalyl chloride may pro-

ceed either through the above mechanism or by the direct forma-

tion of the anhydrides, thus:

2RC02Na + (COCl)2 (RC0)20 + CO2 + CO + 2NaCl

The following yields of anhydrides have been obtained by the

action of oxalyl chloride on the respective sodium salts: butanoic,

79%; pentanoic, 91%; and dodecanoic, 80%.
The oxidation of paraffin by blowing with air has repeatedly

been stated to yield anhydrides, Holde having verified the

presence of small amounts of anhydrides in such products.

The anhydrides of the low molecular weight acids possess melting

points which are distinctly lower than those of the acids from

which they are derived. Myristic acid and its anhydride have

essentially similar melting points, and the anhydrides higher than

myristic melt several degrees above the corresponding acids. Only

the lower anhydrides can be distilled without decomposition, and
the higher members cannot be distilled even under high vacuum.

The higher anhydrides are insoluble in water and in polar organic

solvents. They are soluble in ether, chlorinated hydrocarbons,

petroleum ether, and many other organic solvents.

Physical constants for the higher symmetrical anhydrides have

been reported by a number of investigators,^’ the values

for the symmetrical anhydrides from butyric to stearic inclusive

being shown in Table I.

A plot of the melting points of the S3rmmetrical anhydrides

against the number of carbon atoms in the parent acids shows that

the alternation is the reverse of that exhibited by the acids, the

anhydrides of the odd acids melting above those of the even acids.®*

This alternation is quite marked with the anhydrides of the lower

adds from valeric add downward. The average of the melting

points of the anhydrides from enanthic to stearic is 1.2° above

that of the corresponding adds.

The phydcal constants of several of the anhydrides higher than

stearic have been reported ®* to be as follows: (anhydride, m.p.,
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TABLE I

Physical Constants of Symmetbical Aliphatic Anhydrides

Anhydride B.P., ®C. M.P., ®C. 4 "D
Butyric 198 -75 0.9946*® 1.4143“

Valeric

86-8618

215 -56.1 0 929*®

Caproic 241-243 -40.6 0 9279“ ,

Enanthic 258 -10 8 0 932*® 1.4312*®

Caprylic

164 5i5

280-290 0 9 dbO.l 0 9065“ ®
1 4358“*

Pelargomc

Capnc
207i5 14 8

24.7 dbO.

2

0.8596’® 1 4234’®

Undecanoic . , 36 7

Launc 42 1 rbO.l 0 8552™ 1.4292’®

Tndecanoic

Mynstic

49 9 0 2

53 6 diO.l 0 8502’® 1 4335’®

Pentadecanoic

Palmitic

. . . 60.6

63 9 =b 0 1 0 847’® 1 4357™

Marganc
Stearic

• 67 6

70 7 0.8443’® 1 4379™

ni)®) eicosanoiC; 77.5-77.7°, 0.8225, 1.4301; docosanoic,

81.7-

81.9°, 0.8206, 1.4320; tetracosanoic, 86.0-86.3°, 0.8196,

1.4329; hexacosanoic, 89.3-89.5°, 0.8188, 1.4337; octacosanoic,

92.7-

92.9°, 0.8183, 1.4345; and triacontanoic, 94.6-94.7°, —

,

1.4352.

A number of anhydrides of the ethylenic acids have been pre-

pared and their properties described. These include 10-undecenoic

anhydride, m.p. 13-13.5°, obtained by the action of 10-undecenoyl

chloride on sodium 10-undecenoate; oleic anhydride," m.p.

22-22.2°, dl® 0.8982, Wd 1.4630; elaidic anhydride, m.p. 46.2-46.4°,

dj^ 0.8338, wd® 1.4339; and erucic anhydride,® m.p. 46.0-46.5°.

Brassidic anhydride, m.p. 64°, dj® 0.835, has been prepared by
rearrangement of erucic anhydride by means of nitrous acid.*®

Linoleic anhydride, which solidifies at —18° and melts at —4° to

—3°, has been obtained by the action of acetic anhydride on

linoleic acid in an atmosphere of carbon dioxide.

The anhydrides of the higher dicarboxylic acids may exist either

as monomeric rings or as linear or cyclic polymers. Those of

succinic and glutaric acids are monomeric rings which contain five

and six atoms, respectively. Adipic anhydride was first prepared

by Voerman " by the action of acetyl chloride on adipic acid; the

product so obtained was a solid which melted at 98°. Later,
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Farmer and Kracovski ** reported adipic anhydride to be mono-

meric and to melt at 97®. Hill ^ subsequently showed that this

anhydride is a linear polymer which cannot be distilled, inasmuch

as it breaks down at 200® into a monomeric anhydride freezing at

about 20® and boiling at about 100® at 0.1 mm. The monomeric

anhydride reacts readily with aniline to yield the monoanilide, thus

being distinguished from the polymeric anhydride. It is readily

hydrolyzed in water to yield adipic acid. On heating at 100® or

on standing, it is converted into a polymer melting at 80-85®,

which can again be converted into the monomer on distillation.

Blanc has reported that when adipic or pimelic anhydride is

distilled at ordinary pressures carbon dioxide is evolved and high

yields of the corresponding ketones result. Hill and Carothers ^

have extended these studies to include sebacic anhydride and have

shown that the linear polymer (a-anhydride) which first forms is

converted by molecular distillation into a polyanhydride of high

molecular weight (a)-anhydride) and a depolymerized crystalline

product (/3-anhydride) which was shown to be a twenty-two-

membered cyclic dimer.

Very few mixed anhydrides of the aliphatic acids have been

described. Verkade has prepared several mixed anhydrides of

the lower acids by the action of acid chlorides on anhydrous sodium

soaps, and this process is adaptable to the synthesis of the higher

mixed anhydrides. Acetic-propionic anhydride has been obtained

by the action of acetyl chloride on propionic acid in ether solution

in the presence of pyridine.^® The mixed anhydrides decompose

dowly upon distillation to yield simple anhydrides,^® and as a

consequence, no reliable boiling point data concerning them are

available. Mixed acetic anhydrides can be obtained by the action

of ketene on aliphatic acids. The preparation of acetic-butyric

anhydride by this procedure has been described,*® and the method
is probably adaptable to the preparation of the higher mixed acetic

anhydrides.

Ralston and Reck “ have recently synthesized several mixed
aliphatic anhydrides containing eighteen carbon atoms, in which
the length of the longest chain varies from ten to sixteen carbon

atoms. The thermal constants of these mixed anhydrides, the

parent long-chain acid, and its symmetrical anhydride are shown
in Table II.

The melting points of the four isomeric, mixed anhydrides con-

tained in Table II show that these values differ over a wide range
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TABLE II

Therical Constants of Mixed Anhydrides, Acids, and Stmmetrigal
Anhydrides

Mixed
Anhydride M.P.,“C. Acid F.P.,®C.®^

Symmetrical

Anhydride M.P.,®C.^

Ci,-C, 62.5 Ci« 62.41 Cio—Cio 63.9

CM-C4 52.7 Ci4 53.78 Ci4—Ci4 53.5
'

Cia—C® 42.4 Cu 43.86 C12—C12 42.1

Cio-Cg 16.0 Cio 30.92 Cio—Cio 24.7

and decrease progressively with decrease in the length of the long-

est chain. Thus, the melting point of an unsymmetrical anhydride

is more dependent upon the length of the longest hydrocarbon chain

contained therein than upon the total number of carbon atoms in

the molecule. There is only a small difference between the melting

point of a mixed anhydride containing a C12, C14, or Cie chain and

that of the corresponding long-chain acid or that of the symmetrical

anhydride of this acid. This correlation, however, disappears with

the mixed Cio—Cs anhydride and the Cio—Cio anhydride, both

of which melt considerably lower than the Cio acid. The uns3un-

metrical anhydrides undergo disproportionation reactions in polar

solvents, and this characteristic is especially marked when the

difference in chain lengths is appreciable, such as with acetic-

palmitic anhydride. Mixed anhydrides may be crystallized from

non-polar organic solvents, although acetic-palmitic anhydride

forms some acetic anhydride and palmitic anhydride upon pro-

longed heating in petroleum ether. The unsymmetrical anhydrides

are soluble in both polar and non-polar solvents. They are readily

hydrolyzed by water, the rate of hydrolysis apparently increasing

with increasing difference in the chain lengths.

Mixed anhydrides of the higher aliphatic acids and silicic acid

have been prepared by heating carboxylic acids with silicon hal-

ides, and mixed anhydrides of the aliphatic acids and boric acid

have also been obtained by condensing the acids with boric

acid in the presence of an acid chloride or acid anhydride. The
high molecular weight acid chlorides react with monosilver phos-

phate to yield mixed anhydrides, palmitic-phosphoric anhydride

and stearic-phosphoric anhydride having been synthesized recently

by this method.®^

The higher symmetrical anhydrides are not easily hydrolyzed

by water at ordinary temperatures and can be kept under atmos-
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pheric conditions for indefinite periods without undergoing mate-

rial change. Holde and Gentner^^ have reported that palmitic

anhydride, when allowed to stand for eight months in a flask loosely

stoppered with cotton, undergoes no detectable change. Myristic

anhydride is unchanged after six months under a water-vapor

pressure of 4.3 mm., and only 1 to 3% is converted into myristic

acid.after six months’ exposure to an atmosphere saturated with

water vapor. The lower anhydrides are rapidly hydrolyzed by

treatment with alkaline hydroxide solution, the higher anhydrides

much more slowly. A study of the rate of hydrolysis of the

higher anhydrides in petroleum ether solution upon shaking with

a 5% aqueous solution of sodium carbonate showed that the

amount hydrolyzed is dependent upon the time of contact, 2 2

to 3.25% of palmitic anhydride being hydrolyzed after ten minutes

and 7.3% after fifty minutes.

The higher anhydrides are slowly hydrogenated in the presence

oi palladium and hydrochloric acid to yield polymerized alde-

hydes.“ For example, lauric anhydride 3rields a polymerized

lauraldehyde, m.p. 67®, and some didodecyl ether together with

other products when hydrogenated in the presence of palladium

black and hydrochloric acid in decalin solution. Saturated hydro-

carbons are obtained when the higher anhydrides are hydrogenated

at high temperatures and pressures in the presence of mixed oxide

catalysts such as copper chromite.®^

The higher anhydrides are converted into acid chlorides under

approximately the same conditions and by the same reagents em-
ployed for the preparation of acid chlorides from the corresponding

acids.

The anhydrides function as acylating agents in the presence of

Friedel-Crafts catalysts, one mole of anhydride requiring two
moles of aluminum chloride or similar halide to effect the acyla-

tion.®®*” An example of the above reaction is the synthesis of

phenyl propyl ketone by the condensation of benzene and butyric

anhydride in the presence of two moles of aluminum chloride.®®

Several interesting uses have been suggested for the higher

anhydrides. They have been stated to impart a high degree of

water repellency when incorporated into cellulose acetate rayon,®^

and aqueous dispersions of the higher anhydrides may be used for

waterproofing textiles and allied materials.®^ The sulfonation of

mixed anhydrides containing hydroxyl groups or ethylenic bonds

has been investigated for the preparation of wetting agents.®®
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Holde and Smelkus ^ have stated that anhydrides of the higher

adds are absorbed in the intestines and may be employed as substi-

tutes for edible glycerides.

THE HIGH MOLECULAR WEIGHT FATTY ACID HALIDES

The fatty acid halides, RCOX, are derived from the fatty adds

by replacement of the hydroxyl group by halogen. The higher

fatty acid chlorides, RCOCl, are well-known compounds.* Al-

though the acid bromides of several of the higher acids have been

described, the iodides and fluorides are essentially unknown. The
fatty add chlorides are intermediate compounds for the synthesis

of many types of fatty acid derivatives, their great importance

residing almost solely in their use as synthetic agents. Their use

as acylating agents for the preparation of esters and ketones, their

reaction with ammonia or amines for the synthesis of amides, and

their use in the preparation of acid anhydrides are reactions with

which all chemists are quite familiar.

The higher fatty add chlorides are liquids which can be dis-

tilled under reduced pressures without decomposition. The chlo-

rides of the acids higher than stearic are solids which melt slightly

above room temperature. All the acid chlorides are characterized

by their high chemical activity. Since they are readily hydrolyzed

to the corresponding acids by water or water vapor, care must be

exercised to protect them from moisture.

Preparation of the Fatty Acid Halides

The fatty acid chlorides are generally prepared by the action of

chlorinating agents on the fatty acids or their sodium salts, in

either the presence or the absence of solvents. Those inorganic

chlorides or oxychlorides which readily exchange their chlorine

atoms for hydroxyl groups are generally capable of converting the

carboxylic acids into their corresponding acid chlorides. These

include phosphorus pentachloride and trichloride, thionyl chloride,

* The termination is customarily applied to designate the acid chlo-

rides, and names such as “dodecanoyl chloride” or '^octadecanoyl chlonde”

are generally preferable to the common names which are frequently employed.

When designating the fatty acid chlondes by their common names we have

followed the recommendation proposed by Chemical AhstractSy m that those

members of the series which contain ten or less carbon atoms terminate m
“yi” the higher members m “oyL”
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silicon tetrachloride, and allied compounds. The preparation of

the higher acid chlorides by the action of such reagents on the acids

has been the subject of many investigations. Certain organic

chlorine compounds, notable examples of which are oxalyl chloride

and carbonyl chloride, are also employed for the conversion of the

higher acids into their respective acid chlorides. In spite of the

apparent simplicity of the reactions involved in their formation,

the higher fatty acid chlorides are not easily prepared and purified.

Very often side reactions are encountered which greatly reduce the

yield of acid chloride, and consequently the proper choice of a

reagent and of the reaction conditions is essential in order to obtain

satisfactory yields.

One of the first reagents investigated for the conversion of acids

into their acid chlorides was phosphorus pentachloride. Although

several individual higher acid chlorides were previously prepared

by the action of phosphorus pentachloride on the acids or their

soaps 18-H 66 comprehensive study of their preparation by
the use of this reagent was reported in 1884 by Krafft and Burger.“

Lauroyl, myristoyl, palmitoyl, and stearoyl chlorides were pre-

pared by warming a mixture of equal amounts of the respective

adds and phosphorus pentachloride and removing the resulting

phosphoryl chloride by distillation under vacuum. Later, the

preparation of undecenoyl chloride, oleoyl chloride, and elaidoyl

chloride by the action of phosphorus pentachloride on the respec-

tive acids was accomplished.®® The action of phosphorus penta-

chloride on the higher acids has since been employed for the

preparation of the acid chloride of a number of saturated and un-

saturated adds.®^'®*^®® Although phosphorus pentachloride is, in

many instances, a satisfactory reagent for the s3nithesis of the

higher acid chlorides, its use sometimes presents certain difficulties

which argue in favor of the employment of other reagents. Its

extremely high chemical activity often brings about secondary

reactions not encountered with other agents, and it is frequently

very difficult to separate the resulting phosphoryl chloride com-
pletely from the add chloride.

Phosphorus trichloride is one of the most useful reagents for

both the laboratory and the commercial preparation of the higher

acid chlorides. Its advantage lies in the fact that all three chlorine

atoms are available,the trichloride being hydrolyzedtophosphorous

acid. Since phosphorous acid is insoluble in the higher acid chlo-

rides, it sinks to the bottom of the reaction vessel and is eadly
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removed as a separate layer. The conversion of an acid to an acid

chloride in the presence of this reagent takes place at ordinary

temperatures and only slight warming is necessary to complete

the reaction. The use of an inert solvent, such as carbon tetra-

chloride, is indicated for the conversion of those acids which are

solid at ordinary temperatures. However, solvents are not neces-

sary when the liquid acids are involved. The preparation of

linoleoyl chloride by the action of phosphorus trichloride on Imoleic

acid has been studied by McCutcheon,^® and the purification of

oleoyl chloride prepared by this method has been described in

detail.*^ Although the removal of phosphorous acid can be readily

accomplished because of its insolubility, the separation of the excess

phosphorus halide is frequently difficult. This excess can often

be removed by heating the product under a vacuum; however, it

has recently been suggested that the removal may be effected by
heating the reaction product at temperatures in excess of 100^

under atmospheric pressure. Since phosphorus trichloride is very

readily hydrolyzed, whereas the higher acid chlorides hydrolyze

comparatively slowly, a convenient method for the removal of

the excess of the former consists of adding a small amount of water

to the reaction mixture. The excess of phosphorus trichloride is

then removed as phosphorous acid. Examples have been given

of the preparation of lauroyl chloride, stearoyl chloride, and linole-

oyl chloride by the action of phosphorus trichloride on the respec-

tive acids, followed by removal of the excess of phosphorus chloride

by hydrolysis with water.

Thionyl chloride readily converts both saturated and imsatu-

rated acids and also halo-substituted acids to their corresponding

acid chlorides. High yields are generally realized by the use of

this reagent, but it is quite necessary that it be pure since the

presence of sulfuryl chloride greatly reduces the yields. Owing
to the fact that the products of hydrolysis of thionyl chloride are

both gaseous, the purification of the acid chlorides so obtained is

generally accomplished readily. Sulzberger reported comparable

yields of oleoyl chloride by the action of either thionyl chloride or

phosphorus pentachloride on oleic acid. An 82% 3deld of oleoyl

chloride was reported by the action of thionyl chloride on oleic

acid, and recently Verkade^® has stated that the yield may be

increased by using thionyl chloride which has been previously

refluxed over quinoline and linseed oil. Bardan has reported a

theoretical yield of caproyl chloride by the action of thionyl chlo-
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ride on caproic acid. The chlorides of the even saturated acids

from capiylic to stearic inclusive have been obtained by this

procedure.’^ The preparation of stearoyl chloride by the action

of thionyl chloride on stearic acid has been described as follows:

Stearic acid (586 g., 2 moles), m.p. 67-70®, was placed in a three-

necked flask fitted with a droppmg funnel, reflux condenser, mechanical

stirrer, and thermometer. Thionyl chloride (285.5 g., 2 4 moles) was

then added over a period of two and one-half hours and the mixture

heated at 75® for two hours. The temperature was then increased to

90® and the heating continued for an additional two hours. The excess

thionyl chloride was then removed under a vacuum and the product

fractionally distilled. An 81% yield of stearoyl chloride boiling at

200-215® at 13-15 mm. was obtained.

lodo fatty acids yield the corresponding acid chlorides when
treated with this reagent,^ an example being the preparation of

diiodoelaidoyl chloride by the action of thionyl chloride on diiodo-

elaidic add.® 9,10,12,13-Tetrabromostearic acid is converted into

its acid chloride by the action of thionyl chloride at 120®.®^ Mc-
Master and Ahmann ® have studied the action of thionyl chloride

on the dibasic acids and have reported that succinic and glutaric

acids yield anhydrides whereas malonic, suberic, and sebacic acids

yield the dichlorides. An 80% yield of sebacyl dichloride has been

obtained by the action of tluonyl chloride on sebacic acid. The
action of sulfur and chlorine on the anhydrous soaps of the fatty

acids has been stated to yield the corresponding acid chlo-

rides.**

Silicon tetrachloride has been investigated as a reagent for the

conversion of some of the lower acids to their acid chlorides, but

its action with the higher acids has not been studied. Rauter

obtained butyryl chloride by heating butyric acid with silicon

tetrachloride in a sealed tube at 150-160°, and more recently

Montonna * prepared the acid chlorides of several of the lower

aliphatic acids by reaction with this reagent in an inert solvent at

50°. It was suggested that a mixed anhydride of silicic acid and
the aliphatic acid is first formed, which then reacts with more
silicon tetrachloride to yield the acid chloride and silica.

The preparation of acid chlorides of the lower acids by passing

the add vapors mixed with phosgene over charcoal or other con-

tact substances at elevated temperatures was patented in 1913 by
Hochstetter.® In a subsequent patent ** it was shown that acid

chlorides are also obtained by the reaction of the sodium salts of
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the lower adds with phosgene in a dosed vessel. Chlorides of the

higher fatty adds may be prepared by passing the acid vapors

mixed with phosgene over charcoal at 150®.®® The reaction may
be accomplished by passing phosgene through the add at 100® in

the presence of a small amount of a tertiary amine.®® Prat and
Etienne ®^ reported 85-90% yields of lauroyl chloride by the action

of phosgene on lauric acid. Yields of 70-75% of palmitoyl and
stearoyl chlorides are also obtained by this method. The optimum
temperature was reported to be 140-150®, and the reaction rate

was found to be dependent upon the rate of addition of the phos-

gene. Somewhat lower yields of acid chloride are obtained from

oleic acid at 160® and from sodium oleate at 140®. In the latter

instance it was postulated that the reaction proceeds with the

initial formation of an anhydride.

Excellent yields of the higher acid chlorides are obtained by
treating the acids or their sodium salts with oxalyl chloride, the

reaction taking place almost quantitatively in the presence or

absence of a solvent.®^ The reaction requires the use of 2.5 moles

of oxalyl chloride per mole of acid, the anhydride which first forms

being rapidly converted into the acid chloride. When the sodium

salt of the acid is used, an amount of oxalyl chloride slightly in

excess of an equimolar proportion is required. The sodium salt

is suspended in benzene and the oxalyl chloride added gradually

to this suspension. Caproyl, capryl, lauroyl, myristoyl, and stear-

oyl chlorides have been prepared by the action of oxalyl chloride

on the respective acids.®® Acid anhydndes are readily converted

into the corresponding acid chlorides by treatment with oxalyl

chloride. Acid bromides may be prepared by treating acids, an-

hydrides, or sodium soaps with oxalyl bromide under substantially

the same conditions as those employed for the preparation of acid

chlorides. Oxalyl chloride has been found to be an excellent

reagent for the preparation of acid chlorides of the unsaturated

acids.®® Oleoyl, elaidoyl, linoleoyl, and linolenoyl chlorides have

been synthesized by this method, the preparation of linoleoyl

chloride having been described as follows:

Linoleic acid (16.5 g., 0.06 mole) was refluxed at 65 to 70^ with 22.4

g. (0.18 mole) of oxalyl chloride (Eastman Kodak Company) for four

hours in an all glass still. The excess oxalyl chloride was removed by
warming the mixture to 100® in vacuo. The acid chloride was distilled

under 2 to 3 mm. pressure. The 3deld was 14.5 g. (82% of the cal-

culated amount) of water-white linoleyl chloride.
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Bauer ^ has recently compared the efficiencies of a number of

reagents in the presence and absence of solvents for the prepara-

tion of acid chlorides of both the higher saturated and unsaturated

acids. A method of analysis of the products based upon the con-

version of the acid chlorides to anilides was also proposed.

From the foregoing it is evident that a number of procedures

have been suggested and investigated for the preparation of the

higher fatty acid chlorides. The choice of a particular method is,

therefore, somewhat optional. Purification of the higher acid

chlorides by distillation, however, is frequently attended by exces-

sive decomposition which results in large residues attended by low

yields of the desired acid chlorides. The acid chlorides, when
heated for a substantial period of time in an inert atmosphere at

temperatures above 210°, lose hydrogen chloride and 3rield dark,

undistillable products. It has been suggested that such a de-

composition proceeds with the initial formation of a ketene which

rapidly polymerizes. Although care is necessary in the distillation

of the higher acid chlorides, it is felt that most of the difficulties

encountered are due to incomplete conversion of the reaction mix-

ture to acid chloride. The presence of residual acid or of an exces-

sive amount of chlorinating agent results in anhydride formation

and other reactions during the distillation process. It is conse-

quently necessary to choose reaction conditions which bring about

an essentially complete conversion of acid to acid chloride, if high

yields of distilled acid chlorides are to be obtained.

Physical Properties of the Fatty Acid Halides

The acid chlorides of the saturated acids below stearic acid are

liquids at ordinary temperature. Only the lower members of

the series can be distilled under atmospheric pressure without

undergoing excessive decomposition. The fatty acid halides are

soluble in most organic solvents, but they react readily with those

solvents which contain replaceable hydrogens. They are hy-

drolyzed by water, the lower members with great rapidity, the

higher members much more slowly. The physical constants of the

acyl chlorides from butanoyl chloride to octadecanoyl chloride

inclusive are shown in Table III.

Physical constants have been reported for only a few of the

unsatmated acyl chlorides. These include oleoyl chloride,^® bo os

168-159°; elaidoyl chloride, 613 216°; linoleoyl chloride, 623
167-168°; and 10-undecenoyl chloride,” 614 128.5°. 2-Bromo-
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caproyl chloride, prepared by bromination of the add chloride,^

boils at 106-107^ at 31 mm., and 2-bromocaprylyl chloride, simi-

larly prepared, boils at 129-133® under 25-26 mm. Hopwood “

has prepared 2-bromononanoyl chloride, bg 118-‘120®; 2-bromo-

lauroyl chloride, bie 170®; and 2-bromopalmitoyl chloride, bge

215® (decomp.), by the action of phosphorus pentachloride on the

respective 2-bromo acids. Kimnann ^ has reported the following

TABLE III

Physical Constants op Acyl Chlorides

Acyl Common
Chloride Name F.P., ®C. B.P., ®C. njy

Butanoyl Butyryl -89.0 101-102 1.0277*® 1.41209“

Pentanoyl Valery1 -110 0 107-110 1 0155“

Hexanoyl Caproyl -87 3 138-140

Heptanoyl Enanthyl -83.8 175 2 0.95219”

Octanoyl Caprylyl -61.0 195.55 0.94000”

83i6

Nonanoyl Pelargonyl -60 5 215 35 0.93353”

98i5

Decanoyl Capryl -34.5 232.3

104-1059

Dodecanoyl Lauroyl -17 I5O22
Tetradecanoyl Myristoyl -1 I6815

1342 5

Pentadecanoyl . . . . 1576

Hexadecanoyl Palmitoyl 12 192. 5i6

Octadecanoyl Stearoyl 23 198-20015

165o.4

constants for heptanoyl bromide: 612 80®, dj® 1.211, and ni? 1.4605.

Several 2-bromo acid bromides have been described;®® namely,

2-bromovaIeryl bromide, b 190®; 2-bromocaproyl bromide, 612-13

95-96®; and 2-bromoenanthyl bromide, 69 101-102®.

Chemical Properties of the Fatty Acid Halides

The extensive use of the higher acid chlorides as intermediates

in the syntheses of many high molecular weight aliphatic com-

poimds testifies to their high chemical activity. Their reaction

with alcohols or alkoxides to yield esters has previously been dis-

cussed in detail. When treated with ammonia or amines they

yield amides or substituted amides, the preparation of which has

already been considered. They function as acylating agents in
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the presence of Fiiedel-Grafts catalysts and ^ave been employed

for ^e preparation of many higher alkyl aryl ketones and related

compounds.

The replacement of the chlorine atom of acyl chlorides by hydro-

gen yields the corresponding aldehydes. This may be accomplished

by hydrogenation in the presence of metallic platinum or palla-

dium, a procedure first successfully employed by Rosenmund.®®

The catalytic activities of nickel and of platinum oxide for the

hydrogenation of acid chlorides to aldehydes have been com-

pared,^®® the optimum temperature for the former being 300°.

Low yields of valeraldehyde and caproaldehyde are obtained by
hydrogenation of valeryl and caproyl chlorides in the presence of

platinum oxide at 225°. The hydrogenation of lauroyl chloride at

300-320° imder 170-180 mm. pressure in the presence of metallic

platinum gives a product which consists largely of undecane; how-

ever, at 50 mm. pressure and a temperature of 200-205° an appre-

ciable amount of lauraldehyde results.^®^ Capryl chloride 3rields

some capryl aldehyde when similarly treated. Myristoyl chloride,

however, gives only a small amount of myristaldehyde, the main

product apparently being an aldehyde pol3maer. The higher acyl

chlorides do not yield aldehydes when hydrogenated at 160° imder

50 mm. pressure in the presence of metallic nickel. Sebacyl di-

chloride has been stated to yield the corresponding dialdehyde

when hydrogenated in the presence of 2% of a Pd-CaCOs catalyst.

A variety of products result when the dichlorides of the dibasic

acids are reduced by sodium amalgam or by catalytic methods.^®®

The higher acyl chlorides react smoothly with sodium in boiling

ether to yield the corresponding esters of the unsaturated diols,

the reaction proceeding through the diketone as follows:

2RC
2Na 2Na

RC—CR > RC=

A A An. A:

2RCOa
=CR >

>Na

RC=CR

EC(!)j (!);'2CR

The dilaurate of 12-tetracosene-12,13-diol, the dimyristate of

14-octacosene-14,15-diol, the dipalmitate of 16-dotriacontene-

16,17-diol, and the distearate of 18-hexatriacontene-18,19-diol

are obtained in approximately 70% yields by this procedure.

High molecular weight ketenes have been stated to be formed

by the removal of hydrogen chloride from the higher acyl chlorides,

throu^ the action of tertiary amines in the presence of inert

solvents in which the hydrochlorides of the base are insoluble.
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A study of the decomposition of pelargonyl, lauroyl, and pal-

mitoyl chlorides when heated at 250*^ in a current of carbon dioxide

indicated that ketenes are first formed by the removal of hydrogen

chloride. The residues were considered to be pol3m[ierized ketenes.

Fatty acid peroxides are formed by the action of alkali or alka-

line earth peroxides on the higher acyl chlorides; for example,

bis(monoethyl adipyl) peroxide has been prepared in a 73% yield

by the action of barium peroxide on monoethyl adipyl chloride.^®*

Mailhe ^®® has described the direct transformation of acid chlo-

rides into nitriles by passing the vapors of the former, mixed with

ammonia, over aluminum oxide heated to 490-500®. Such a reac-

tion undoubtedly proceeds with the initial formation of the amide,

which is subsequently dehydrated to the nitrile.

Reaction of the higher acyl chlorides with amino acids or various

protein degradation products yields a variety of substances which

are of both biological and industrial interest.^®^ Abderhalden and
Funk ^®* have investigated the products obtained by the reaction

of the higher acyl chlorides with glycine, d-alanine, Z-tyrosine, and
allied substances, and have identified many of the products

so obtained. Diiodoelaidoylglycine, diiodoelaidoylalanine, and
similar compounds have been synthesized and their physiological

activities investigated.®® A number of products formed by con-

densation of amino acids with the higher a-bromo acyl chlorides

have been synthesized by Hopwood and Weizmann.®® Amorphous
powders soluble in ethanol, chloroform, benzene, and acetone result

by treating alkaline solutions of peptones with ether solutions of

the higher acyl chlorides.^®® Wetting agents suitable for treating

textiles have been prepared by the action of higher acyl chlorides

on hydrolyzed proteins, such as hydrolyzed leather or hide cut-

tings.^^®'^^^ The hydrolyzed products from albumen have been

treated with the higher acyl chlorides in the presence of alkalies to

yield products which function as dispersing agents.^^ Hydrolyzed

casein, gelatin, horn, and allied substances react with the higher

acyl chlorides to yield water-dispersible products.^^* Acylation was

assumed to take place at the nitrogen-containing group.

Acylated derivatives of the sugars are obtained by the action of

the higher acyl chlorides on sugars in the presence of p3rridine or

other acid-accepting agents. For example, Hess and Messmer

have prepared a-pentapalmitoylglucose in good yields by the reac-

tion at —10® of 1.89 g. of glucose in 20 cc. of pyridine with 14

g. of palmitoyl chloride in 20 cc. of chloroform. a-Pentastearoyl-
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glucose, jS-monostearoyltetraacetylglucose, octapalmitoylsucrose,

m.p. 54-55°, octastearoylsucrose, hendecapalmitoylraffinose, m.p.

39°, and hendecastearoylrafiinose, m.p. 63°, were similarly pre-

pared.

The higher fatty acid chlorides have been employed as inter-

mediates in the preparation of many chemicals which possess

wetting and detergent properties, and the many specific examples

which appear in the patent literature are too numerous to discuss

in detail. One of the most important types of such derivatives

results from the treatment of aromatic, cycloaliphatic, or aliphatic

sulfonic acids which contain hydroxyl or other groups with the

higher acyl chlorides. Examples have been given of the prepara-

tion of wetting agents by the action of oleoyl chloride on sodium

hydroxycyclohexanesulfonate,^^® or on sodium hydroxyethylene-

sulfonate.^^® Wetting agents are obtained by the action of the

higher acyl chlorides with sodium 1,2-dihydroxybutanesulfonate,

resorcinoldisulfonic acid, and allied substances.^^^ Aromatic

amines containing a nuclear sulfonic acid group react with the

higher acyl chlorides to form water-soluble products which possess

wetting properties.^* Condensation products of the acid chloride

of chaulmoogric or dihydrochaulmoogric acid with aromatic

amino sulfonic acids and with halophenols have been inves-

tigated as therapeutic agents for the treatment of leprosy. Reac-

tion products of the higher acyl chlorides with naphthalene or

petroleum oil fractions have been suggested as addends to lubri-

cating oils.“^

THE HIGH MOLECULAR WEIGHT ALIPHATIC ALDEHYDES

Much significance has repeatedly been placed upon the fact that

the aldehydes represent a series of compounds intermediate be-

tween the carboxylic acids and the alcohols. This great emphasis

is somewhat unfortunate, since frequently we fail to realize that

the aldehydes are, in their own right, one of the most interesting

and potentially important groups of aliphatic compounds. It is

true, of course, that an aldehyde is an intervening product in the

oxidation of an alcohol to a carboxylic acid or in the reduction of

the latter to the former, and that this is of importance in establish-

ing their structure and in formulating many of the methods for

their s3mthesis. It is equally true, however, that the aldehydes

bear little resemblance in chemical properties to either the alcohols
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or the adds. Actually they possess many characteristic physical

and chemical properties which establish them as one of the most
distinctive series of aliphatic derivatives. The aliphatic aldehydes,

irrespective of their chain length, are extremely reactive chemi-

cally. They are very readily polymerized, they enter into many
condensation and addition reactions, and they are strong reducing

agents. Owing to the rapidity with which they polymerize, the

aldehydes are extremely difficult to purify. They are very un-

stable in the presence of oxidizing agents and are slowly oxidized

in the air at room temperature. In spite of the facts that many of

the higher aldehydes are found in natural products in small

amounts and that their synthesis has been the subject of a large

number of investigations, they are still among the lesser known of

the major derivatives of the fatty acids. Much is yet to be learned

concerning both their physical and their chemical properties.

The higher aldehydes have been isolated in small amounts from

a number of plant oils, and they undoubtedly contribute to the

characteristic odors of many of the floral oils. Octanal and nonanal

are present in the essential oils of many plants; decanal has been

isolated in significant amounts from coriander oil; ^ and dodecanal

occurs in the oil from lily of the valley.^^® An aldoalcohol contain-

ing eighteen carbon atoms has been obtained by the extraction

of olive pulp.^*^ Many of the floral oils owe their characteristic

odors to the presence of unsaturated, aliphatic aldehydes. For

example, violet leaf oil has been shown to contain 2,6-nonadienal,

CHgCHaCHrCHCHaCHaCHrCHCHO, the structure of the natu-

rally occurring aldehyde having been determined by oxidative and

synthetic procedures.^^® Because of their characteristically pleas-

ant odors and their ability to modify more volatile odors, the higher

aldehydes have been extensively used in perfumery. The floral

odor of the aldehydes increases from pentanal to undecanal. How-
ever, each aldehyde possesses a characteristic odor which distin-

guishes it from its homologs and which largely determines its ability

to modify the natural floral odors. Aldehydes as high as hexa-

decanal are used in lavender, honeysuckle, and iris perfumes.

Preparation of the Higher Aliphatic Aldehydes

The synthesis of higher aldehydes from fatty acids or their

various derivatives has been studied for many years. These inves-

tigations have resulted in the development of a number of methods

for their preparation, many of which give reasonably satisfactory



814 THE ALIPHATIC ALDEHYDES

yidds. Perhaps more synthetic procedures are available for the

higher aldehydes than for any other of the major fatty add deriva-

tives. In spite of this, the higher aldehydes are not readily avail-

able, possibly owing to the fact that none of the proposed syntheses

is adaptable to laige-scale preparation. The low yields frequently

encountered during the synthesis of higher aldehydes are generally

due to difficulties in separating the aldehydes from the reaction

mixture.

One of the oldest and best-known methods for the preparation

of the higher aldehydes consists of heating the calcium or barium

soap of a fatty add with calcium or barium formate, the reaction

proceeding as follows:

Ca(02CR)2 + Ca(02CH)2 2RCHO + 2CaC03

Krafft has described the preparation of dodecanal, tetra-

decanal, hexadecanal, and octadecanal by the dry distillation of

the calciiun soaps of the respective acids with calcium formate,

a laige excess of the latter being employed to retard ketone forma-

tion. The reacting components were mixed with calcium carbonate

to prevent excessive sintering and the heating was done imder

vacuum to facilitate the escape of the aldehydes. Although this

procedure is satisfactory for the preparation of the lower aldehydes,

the apparently inherent difficulties result in very small yields of

the higher homologs. It has been stated ^ that higher yields are

obtained if the calcium soaps are treated with calcium formate in

an autoclave under pressure in the presence of an inert solvent.

Zaar^*^ has studied the preparation of dodecanal by heating

barium laurate with barium formate and has reported that 1-

dodecanol, resulting from the further reduction of dodecanal, is

among the reaction products. The mechanism by which aldehydes

are formed in this reaction is somewhat in doubt; however, they

probably result from the reducing action of decomposition products

of the formate. Speculations as to the mechanism of aldehyde

formation by this method have undoubtedly provided one of the

motivating influences behind many of the subsequently proposed

procedures for the synthesis of the higher aldehydes. The corre-

sponding aldehydes are formed when the higher aliphatic acids,

mixed with formic acid, are passed in the vapor state over decar-

boxylating catalysts.^*^ For example, a 30% yield of dodecanal

results from passing the vapors of lauric and formic acids over

manganous oxide at 355-360^,^” and pelargonic acid gives a 50-

55% yield of nonanal when similarly treated.^** Yields of 70-75%
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of decanal have been obtained from the reaction of capric and
formic acids under these conditions.^^ Unsaturated aldehydes

such as oleic aldehyde can be prepared similarly.^^^ The higher

aldehydes result when the aliphatic acids or their esters are passed

with formaldehyde over oxidizing catalysts,^*® and aldehydes are

also formed when the soaps of the fatty acids are treated at high

temperatures with formaldehyde.^®^

The controlled oxidation of the higher alcohols yields the corre-

sponding aldehydes. Such oxidations are generally accomplished

by passing the alcohols in the vapor phase over silver catalysts in

the presence of a limited amount of air. The reaction is decidedly

exothermic and the yields are dependent upon the rate of passage

of the vapors over the catalyst and upon the ratio of reactants.

The vapors of the alcohol, mixed with somewhat less than the

theoretical amount of air, may be passed over a finely divided

silver catalyst at 230-300®.^*® In those instances in which the

reaction is too intense, it has been recommended that it be con-

ducted in two stages. Aleksandrova has stated that 96% of the

theoretical yield of octanal is obtained by passing 1-octanol and a

limited amount of air over a silver catalyst at a temperature of

300®. Yields as high as 82% were reported for the higher alde-

hydes. The preparation of nonanal by the catalytic oxidation of

1-nonanol has been studied, and Bruylants has reported a 70%
yield of hexanal by the catalytic oxidation of 1-hexanol. The
preparation of higher aldehydes by passing vapors of alcohols

mixed with air over a silver-containing catalyst at high tempera-

tures (400® or higher) has been patented.^^

The liquid-phase dehydrogenation of higher alcohols to the

corresponding aldehydes may be accomplished by heating the

former at carefully regulated temperatures in the presence of

metallic nickel. For example, a 20% yield of dodecanal results

from heating 1-dodecanol for two hours at 250® in the presence of

5% of metallic nickel. Higher temperatures and longer times re-

sult in reduced yields. It was stated that satisfactory yields of

aldehydes can be obtained by this method from alcohols as high

as 1-octadecanol. Lazier has reported that long-^hain alcohols

can be dehydrogenated to the corresponding aldehydes by passing

their vapors at elevated temperatures over a catalyst consisting of

zinc, copper, or aluminum mixed with chromic oxide.

Aldehydes result from the decomposition of ozonides, the

clasdcal example being the formation of nonanal and 9-aldonona-

noic acid by hydrolysis of the ozonide of oleic acid. Since, under
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such conditions, the aldehydes are formed in a highly oxidizing

environment, their formation and oxidation to carboxylic adds

frequently occur simultaneously. An immediate oxidation takes

place, for example, if the deavage is conducted in a highly alkaline

medium. Nonanal has been obtained in 20% yield by passing

ozonized air into a suspension of oleic acid in an aqueous solution

of sodium bisulfite containing a small amount of decalin.^^^ Higher

yields of aldehydes are obtained by catal3rtic hydrogenation of the

ozonides, it having been observed that even highly polymerized

ozonides can be hydrogenated to aldehydes under high hydrogen

pressure. Fischer and others have employed this procedure for

the degradation of an aldehyde to its next lower homolog, the

aldehyde first being converted to a secondary alcohol by reaction

with phenylmagnesium bromide. This alcohol is then dehydrated

to an olefin, the ozonolysis and hydrogenation of which yield the

lower aldehyde. The general reactions are as follows:

RCH2CHO — > RCHzCHCeHfi RCHiCHCcHb -4
I

Hs

OH
RCHO + CeHsCHO

A 65% yield of octanal from nonanal is obtained by this method.

Acids yield the next lower aldehyde when similarly treated, the

preparation of the tertiary alcohol requiring three moles of phenyl-

magnesium bromide.

Chemical reduction of ozonides to aldehydes predates their

catalytic reduction. Harries proposed the use of potassium

ferrocyanide in the presence or absence of acids for the reduction

of ozonides to aldehydes, and described the preparation of nonanal

from oleic acid ozonide by use of this reagent. Nonanal and 9-

aldononanoic acid have been obtained in small 3delds by reduction

of oleic acid ozonide with zinc and acetic acid in ethyl acetate

solution.^^* In all such reactions, resin formation due to poly-

merization of the aldehydes is a disturbing factor.

An alternate and more satisfactory method for the preparation

of aldehydes from unsaturated acids consists of the oxidative

cleavage of the corresponding polyhydroxy acids. Thus, 9,10-

dihydroxystearic acid, obtained by the oxidation of oleic acid with

potassium permanganate, undergoes oxidative cleavage when
treated for twenty-four hours with lead tetraacetate in glacial

acetic acid solution.^" An approximately 85% yield of nonanal and
9-aldononanoic acid, isolated as their semicarbazones, results from
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the above reaction. A similar treatment in benzene solution of

9,10,12-trihydroxystearic acid, obtained by the oxidation of ricin-

oleic acid, yields 9-aldononanoic add. Bergmann has reported

the successful preparation of nonanal from oleic add by this

method. The oxidation of methyl 9,10-dihydroxystearate by
minium (Pb304) results in an approximately 60% yield of nonanal

and 9-aldononanoic acid.^^^ An interesting modification of this

method has been proposed for the synthesis of aldehydes from the

saturated acids, the reactions involved being illustrated by the

conversion of stearic acid to octadecanal.^®^ The reaction of

stearoyl chloride with diazomethane gives l-diazononadecan-2-

one, C17H36COCHN2, which when treated with acetic add yields

2-ketononadecyl acetate, C17H35COCH2OCOCH3, the reduction

of which results in nonadecane-l,2-diol, Ci7H36CH(0H)CH20H.
Oxidation of this glycol with lead tetraacetate yields octadecanal

and formaldehyde. The application of this method to the prepara-

tion of aldehydes from oleic and elaidic acids and from other un-

saturated acids has also been described. Hershberg has studied

the preparation of aldehydes by oxidation of several lower molec-

ular weight glycols with lead tetraacetate.

The pyrolysis of ricinoleic acid imder high vacuum yields hep-

tanal and 10-imdecenoic acid^®*»^“ together with a mixture of

dienoic acids. Small 3delds, approximately 15%, of heptanal have

been obtained by passing castor oil under high vacuum through a

copper tube heated to 550°.“® The destructive distillation of castor

oil for the production of heptanal and 10-undecenoic acid has been

described in the patent literature.^®®* ^®^

The higher a-hydroxy acids when heated above their decomposi-

tion points yield not only the corresponding lactides but also

appreciable amounts of aldehydes which contain one carbon atom
less than the original acids. The aldehydes result from the cleavage

of a molecule of formic acid from the a-hydroxy acid the reaction

being as follows:

RCH(0H)C02H RCHO + HCO2H

Le Sueur has observed that the decomposition of 2-hydroxy-

stearic acid begins at 200° and proceeds rapidly at 270°, to give a

50-60% yield of heptadecanal. The contention of Blaise that

the aldehyde is formed through the lactide rather than the hydroxy

acid was shown not to hold for the higher acids, since the lactides

are more resistant to decomposition than the hydroxy acids.
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Bagard has prepared nonanal and decanal by this method, and

the (^thesis of tridecanal, tetradecanal, pentadecanal, and hexa-

decanal by heating the next higher oe-hydroxy acid has been de-

scribed in detail by Le Sueur.^^ Several modifications of this

method of preparing aldehydes have been proposed. The degrada-

tion of ac-hydroxy acids through their acetyl derivatives has been

accomplished successfully.^^ Heating o-methoxy acids in the

presence of copper has been observed to give almost theoretical

3delds of aldehydes,^^* and the o-methoxy derivatives of enanthic,

lauric, and stearic acids were converted to aldehydes by this

procedure. The synthesis of oe,a-dimethyl aldehydes has been

accomplished by the decomposition of glycidic esters. Such

rearrangements, however, take place only with the higher molecular

weight esters.“® The preparation of 2-methylundecanal by the

condensation of 2-undeGanone with ethyl chloroacetate, followed

by saponification of the resulting glycidate, has been described.^^

Grignard reagents yield acetals when treated with ethyl ortho-

formate, CH(0C2H5 )3 ,
the hydrolysis of which gives the corre-

sponding aldehydes. A 45-50% yield of hexanal has been reported

by the reaction of pentylmagnesium bromide with ethyl ortho-

formate, followed by hydrolysis of the resulting acetal.^®’'

It has been stated by Stephen that nitriles can be quantita-

tively converted into aldehydes, and this procedure is extremely

interesting in view of the ease of preparation and purification of

the higher aliphatic nitriles. The method consists of converting

the nitrile into an imino chloride and reducing this with stannous

chloride to a stannic aldimonium chloride, the hydrolysis of which

yields the corresponding aldehyde. The following is a description

of the method:

An ether suspension of dry stannous chloride (1.5 moles) is saturated

with dry hydrogen chloride until the mixture separates into two layers.

The nitrile (1 mole) is then added with vigorous shaking, forming

crystalline stannic aldimonium chloride. The double salt is then

separated by filtration and hydrolyzed by warm water. The aldehyde

is separated either by steam distillation or by solvent extraction.

The reactions involved are as follows:

SnCla + 2HC1
RCN +HC1 RCC1:NH > (RCH:NH HCl)2SnCl4

HOH
RCH:NH HC1 > RCHO

Details were given for the synthesis of octanal, tetradecanal,

hexadecanal, and octadecanal from the corresponding nitriles, and



PHYSICAL PROPERTIES 819

it was stated that the method is satisfactory for the preparation

of both aliphatic and aromatic aldehydes. Recently, some doubt
has been cast upon the applicability of this method for the syn-

thesis of the aliphatic aldehydes. Williams has reported only a

31% yield of isocaproaldehyde from the nitrile after seven days

reaction, and a similar treatment of a-hydroxy propionitrile gives

none of the expected aldehyde. The author has also experienced

some difficulty in the application of this method to the preparation

of the higher aldehydes, and it is evident that future work is re-

quired for its complete evaluation.

Physical Properties of the Aliphatic Aldehydes

No precise study has ever been made of the physical constants

of the higher aliphatic aldehydes. Since even the higher members
of the series imdergo polymerization, the aldehydes are generally

isolated as stable derivatives such as the bisulfite addition com-

pounds, oximes, or semicarbazones. It is quite possible that the

aldehydes may exist in two or more polymorphic forms, although

this question has not been settled.

The aliphatic aldehydes have lower melting and boiling points

than the corresponding acids. The liquid aldehydes possess char-

acteristic fruitlike odors, whereas the higher aldehydes are odorless

when solid and have a paraffin-like odor when melted. A consider-

ation of the melting points of the higher saturated aldehydes shows

a perfect example of how erroneous values for an entire series of

compounds can be accepted for many years, largely owing to failure

to consider the physical state of the compounds in question. When
Krafft first prepared the higher aldehydes he reported that their

melting points were very close to those of the parent acids. Dodec-

anal, for example, was stated to have a melting point differing only

a fraction of a degree from that of lauric acid. On the other hand,

Krafft found the boiling points of the aldehydes to be decidedly

lower than those of the acids. It was not until a number of years

later that Le Sueur showed that this abnormality was due to

partial polymerization and that previously reported melting points

were not those of a monomeric aldehyde, but rather those of a

polymer. Le Sueur observed that heptadecanal, prepared from

a-hydroxystearic acid, melts at 35-36°; however, a solution of this

aldehyde in hot absolute ethanol deposits crystals which melt at

62°. The aldehyde slowly polymerizes in the solid state. For
example, a specimen kept for six weeks melted at 55°, and the

recrystallization of this solid yielded crystals which melted at
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77-78®. Later, Le Sueur showed that the aldehyde polymers

are trimolecular. Whereas the monomeric aldehydes are readily

soluble in most organic solvents, readily form oximes and semi-

carbazones, and reduce solutions of potassium permanganate, the

polymers are relatively insoluble, do not form oximes or semicar-

bazones, and will not reduce potassium permanganate solution even

on boiling. When distilled under a vacuum these polymers are

quantitatively reconverted into the monomeric aldehydes. The
higher aldehydes are very soluble in cold ether, chloroform, ben-

zene, and petroleum ether and are soluble in hot ethanol, acetone,

and ethyl acetate.

The higher aldehydes are generally identified as their semicar-

bazones, RCH=NNHCONH2 ,
or oximes, RCH=NOH, both of

which are well-ciystallized, easily purified derivatives. The semi-

carbazones are obtained by addition of the aldehydes to an

alcoholic solution of semicarbazide hydrochloride containing potas-

sium acetate. They are insoluble in most organic solvents in the

cold. The oximes are prepared by heating the aldehydes with an

alcoholic solution of hydroxylamine over a water bath for one

hour and allowing the mixture to stand for several hours. The
higher aldoximes are soluble in ether and chloroform and are

diflScultly soluble in cold acetone, benzene, and petroleum ether.

They can easily be crystallized from ethanol and possess well-

defined melting points. The p-nitrophenylhydrazones and the

2,4-dinitrophenylhydrazones of the higher aldehydes are yellow

crystalline solids and are frequently employed for their identifica-

tion.

The physical constants of the saturated aldehydes from pentanal

to octadecanal inclusive, together with the melting points of their

semicarbazones and oximes, are shown in Table IV.

The a,a-dimethyl-substituted aldehydes possess lower melting

points than the imsubstituted aldehydes. For example, 2,2-

dimethylstearaldehyde melts at 14.5® and 2,2-dimethyllauralde-

hyde is a liquid, bis 140®.^®^

The polymers of the higher aldehydes have been shown to be

trimolecular^®^ and to possess sharp melting points, which have

been reported to be as follows: C13, 61.5®; C14, 65.5®; Cis, 69-70°;

C16 ,
73®; and C17, 77-78®.

Several unsaturated aldehydes have been prepared and their

properties described. These include oleyl aldehyde, 60 001 108-

110®, 0.8509, no 1.4558, 2,4-dinitrophenylhydrazone, m.p. 67-
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68°; lO-undecenal, ho 101-103°, 4* 0.8609, njf 1.4491, 2,4-

dinitrophenylhydrazone, m.p. 91^; and elaidyl aldehyde^ semicar-

bazone, m.p. 92°, 2,4-dinitrophenylhydrazone, m.p. 90°.,

A large number of identifying derivatives have been proposed for

the aliphatic aldehydes. Among the most frequently employed,

in addition to the semicarbazones and oximes, are the 2,4-dinitro-

phenylhydrazones and the p-nitrophenylhydrazones. The p~

nitrophenylhydrazones of tetradecanal, hexadecanal, and octa-

decanal are yellow crystalline solids which melt at 95°, 96.5°, and
101°, respectively. The phenylsemicarbazones, prepared by con-

densing the aldehydes with phenylsemicarbazide, possess relatively

high melting points and are apparently satisfactory derivatives for

distinguishing between the various members of the series.^’®

3,5-Dinitrobenzohydrazide has been stated to be preferable to

2,4-dinitrophenylhydrazme for the identification of aldehydes,

although only the members of the series from C2 to Cio were pre-

pared. Other reagents which have been suggested for the identi-

fication of the aliphatic aldehydes are: p-tolylsemicarbazide,^^^

o-tolylsemicarbazide,^^* p-nitrobenzohydrazide,^^^ o-chlorobenzo-

hydrazide,^^® o-nitrobenzohydrazide,”® phenylsemioxamazide,^^^ jS-

naphthylhydrazine,^^® o-bromobenzohydrazide,^^ and a-naphthyl-

semicarbazide.^**

The absorption spectra of the vapors of the saturated aldehydes

from ethanal to heptanal inclusive have been investigated by
Eastwood and Snow.^®^

Chemical Properties of the Aliphatic Aldehydes

Aldehydes in general are characterized by high chemical activity,

and the higher aliphatic aldehydes as a group are among the most
reactive of the fatty acid derivatives. They are readily oxidized

to the corresponding acids and are easily reduced by chemical or

catalytic methods. The aldehydes undergo many addition and
condensation reactions. Although few comparisons of the relative

reaction rates of the lower and higher aliphatic aldehydes have been

made, it has been shown that, in general, the higher aliphatic alde-

hydes undergo all the reactions which characterize their lower

homologs.

The higher aldehydes pol3mierize, even at room temperature,

and polymerization must be considered to be competitive with any
of the reactions which involve aldehydes. In many instances low
yields of a desired reaction product are obtained because of the
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formation of aldehyde polymers, which are much less reactive than

the aldehydes themselves. The early confusion which existed,

because of the failure to appreciate the rapidity with which the

higher aldehydes polymerize, has been discussed previously. Bruy-

lants observed that pentanal polymerizes rapidly in ether solu-

tion in the presence of potassium carbonate to give a crystalline

polymer which melts at 83-84®. Heptanal rapidly pol3mierizes

under similar conditions to 3deld a product melting at 51-52®, and

its higher homologs behave in a similar manner. When heated in

the presence of catalysts, aldehydes undergo a reaction known as

the aldol condensation, two molecules of aldehyde combining to

yield a hydroxy aldehyde as follows:

RCH2CHO + RCH2CHO -> RCH2CH(0H)CHRCH0

Upon further treatment, the aldols are either dehydrated to un-

saturated aldehydes or further condensed to higher polymers.

The reactions of aldehydes in the presence of metals has been

studied by v. Braun and Manz,^®^ who postulated that such reac-

tions proceed through the metal enolates, RCHrCHOM, to the

aldols, RCH2CH(0M)CHRCH0. At low temperatures the aldol

yields the metal hydroxide and an unsaturated aldehyde. Higher

temperatures, however, result in the formation of glycol esters,

RCH2 CH—OM ^
I

RCHCH2OC
\CH»R

The glycol ester from enanthal may be saponified to enanthic acid

and 6-hydroxymethyl-7-tridecanol. When heated with metallic

magnesium or aluminum, the higher aldehydes rapidly undergo an
aldol condensation, followed by dehydration to the unsaturated

aldehydes.^®^ For example, octanal, when heated with a small

amount of magnesium, yields 2-hexyl-2-decenal as follows:

CtHmCHO + CtHisCHO C7HiiiCH(OH)CH(C6Hu)CHO

C7HisCH=C(C«Hu)CHO

The higher aldehydes undei^o aldol condensations with ketones

to yield hydroxy ketones. Thus, butanal is easily condensed with

acetone in the presence of alkalies to 4-hydroxy-2-heptanone, the

reaction being as follows:

CsHtCHO + CHjCCHs -> C8H7CHCH2CCH8

A Ah a
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The condensation of 2^thylhexanal with acetone yields 4-hy-

droxy-5-ethyl-2-nonanone, the dehydration of which 3nields an un-

saturated ketone.^® The reaction of 2-ethylhexanal with 5-ethyl-3-

nonen-2-one has been described.^^ The condensation of aldehydes

in the presence of catalysts followed by catalytic hydrogenation of

the resulting products has been studied.^^

Practically all oxidizing agents convert the higher aldehydes to

adds, and in many instances such oxidations proceed quite rapidly.

Chromic add, for example, vigorously oxidizes heptanal or its

polymers to heptanoic add,^^^ and peracetic acid also brings about

a quantitative oxidation of this aldehyde.^® The higher aldehydes

are slowly oxidized upon exposure to air, the reaction probably

proceeding with the initial formation of a peroxide. The oxidative

action of air on the aldehydes is catalyzed by the presence of

heavy metals or their salts, those of silver and iron being the most

effective. The oxidation of liquid aldehydes in the presence of

soluble copper compounds gives high yields of the corresponding

acids.^“ Potassium permanganate readily oxidizes the aldehydes

of both monobasic and dibasic acids to the corresponding acids,

the oxidation of heptadecanal with powdered potassium perman-

ganate in acetone giving a quantitative yield of heptadecanoic

acid.^®* The oxidation of hexadecanal, pentadecanal, tetradecanal,

and tridecanal with potassium permanganate has been described

in detail.'®^ In their study of the oxidation of the higher aldehydes,

V. Braun and Keller observed that they readily undergo autoxi-

dation in the presence of manganese dioxide, the amount of catalyst

required being between 1/4000 to 1/1000 mole per mole of aldehyde

oxidized. The aldehydes have been reported to form addition

products with hydrogen peroxide which are slowly converted to

acids. When oxidized with nitric acid, the aliphatic aldehydes

yield carboxylic acids together with various nitrogen-containing

compounds.®* Silver oxide or ammoniacal silver nitrate solutions

rapidly oxidize the higher aldehydes to acids, the reaction being

one of the standard tests for the presence of aldehydes.

The higher aldehydes are easily reduced to alcohols by either

chemical or catalytic methods. For example, tetradecanal 3delds

1-tetradecanol when reduced with zinc and hydrochloric acid or

with sodium in ethanol.®* The reduction of aldoximes yields pri-

mary amines, an example being the reduction of tetradecanal-

doxime to tetradecylamine by sodium amalgam in ethanol. Alu-

minum or the aluminates in isopropyl alcohol are frequently em-
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ployed for the reduction of unsaturate^ aldehydes to the corre-

sponding unsaturated alcohols. Catalytic hydrogenation of the

higher aldehydes, especially under high pressures and at high

temperatures, frequently yields products other than the corre-

sponding alcohols. Thus enanthal, when hydrogenated at high

pressures in the presence of metallic nickel, yields not only 1-

heptanol but also appreciable amounts of a secondary alcohol with

double the number of carbon atoms.^®^ The hydrogenation of

decanal also gives a higher alcohol, C20H41OH, in addition to 1-

decanol. Since the former yields anisomer of eicosane upon further

hydrogenation, it has been suggested that the higher alcohol

results from the hydrogenation of an aldol which is formed in the

initial stage of the reaction. It has also been observed that

1-hexene is among the products formed during the hydrogenation

of heptanal in the presence of nickel, and the assumption has been

made that this results from pyrolysis of the resulting 1-heptanol

into 1-hexene and methanol.

The aliphatic aldehydes are converted into the corresponding

thioaldehydes by treatment with hydrogen sulfide. Thiopentanal,

so prepared, has been described as a white ciystalline solid, m.p.

69°, which possesses a very disagreeable, persistent odor.^®®

Selenopentanal, obtained by the action of hydrogen selenide on

pentanal, forms white ciystals, m.p. 66.5°.

The higher aldehydes undergo a wide variety of additive reac-

tions. Such reactions usually involve the double-bonded, terminal

oxygen atom, which is generally converted into a hydroxy group

by the addition of a hydrogen atom, thus permitting the addition

of another group to the aldehydo carbon atom. The higher alde-

hydes form crystalline derivatives with sodium bisulfite, which

are generally prepared by shaking an ethereal or alcoholic solution

of the aldehyde with a saturated aqueous solution of sodium bisul-

fite, the addition product precipitating as a white crystalline solid.

The bisulfite addition products are readily decomposed by treat-

ment with alkalies or acids. For example, heptadecanal is obtained

from its bisulfite addition product by boiling the latter with a 15%
aqueous sodium carbonate solution.^®* Some polymerization of

the higher aldehydes may be encountered during the formation

and decomposition of their bisulfite addition compounds. Advan-

tage is often taken of this additive reaction for the separation of

aldehydes from mixtures. The bisulfite addition products undergo

many of the typical reactions of the aldehydes themselves, the
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free aldehyde probably being formed during the course of the

reaction.

Hydrogen cyanide adds directly to an aldehyde group to form

a cyanohydrin, the reaction being as follows:

yOH
ECHO + HCN RCH<

XIN

The higher alkyl cyanohydrins are crystalline compounds which

are soluble in ethanol, ether, chloroform, benzene, and petroleum

ether and may be crystallized from any of these solvents. They
possess higher melting points than the aldehydes from which they

are derived. The reported melting points for several of the

2-hydroxyalkanenitriles are as follows: -tetradecanenitrile, 44.5°;

-pentadecanenitrile, 60.5°; -hexadecanenitrile, 62.5-53.5°; -hepta-

decanenitrile, 60-61°; and -octadecanenitrile, 61.5-62.5°. The
cyanohydrins may also be obtained by the action of hydrogen

cyanide on the bisulfite addition products of the aldehydes.^“'“^

Kobata has described the preparation of 2-hydroxydecane-

nitrile by this latter method. Hydrolysis of the cyanohydrins by
wanning with concentrated hydrochloric acid first yields 2-hydroxy

amides, the further hydrolysis of which yields 2-hydroxy acids.

Thus, the hydrolysis of 2-hydroxyoctadecanenitrile yields 2-

hydroxystearamide, m.p. 148-148.5°, which when boiled with

aqueous potassium hydroxide yields 2-hydroxystearic acid, m.p.

91-02°.^®* 2-Hydroxymyristamide, m.p. 160°; 2-hydroxypenta-

decanamide, m.p. 149-150°; 2-hydroxypalinitamide, m.p. 149.5°;

and 2-hydroxyheptadecanamide, m.p. 148.5°, have also been pre-

pared by this method. The hydrolysis of these hydroxy amides

yields 2-hydrox3miyristic acid, m.p. 81.5-82°; 2-hydroxypenta-

decanoic acid, m.p. 84.5°; 2-hydroxypalmitic acid, m.p. 86.5-87°;

and 2-hydroxyheptadecanoic acid, m.p. 89°. 2-Hydroxycapric acid

has been obtained by hydrolysis of the cyanohydrin of nonanal.^^®

The cyanohydrins yield a-ethylenic nitriles when treated with

strong dehydrating agents, an example being the synthesis of 2-

heptenenitrile, CH3(CH2)3CH:CHCN, by the action of phosphoric

acid on 2-hydroxyheptanenitrile.^®^

The higher aldehydes react with ammonia to yield addition

compounds which are probably a-hydroxy amines, and Kobata

has described the preparation of 2-hydroxynonylamine by the

action of an alcoholic solution of ammonia on nonanal. Such

hydroxy amines yield o-amino nitriles when treated with hydro-
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cyanic acid, the hydrolysis of which results in cx-amino acids. The
preparation of a number of addition products of the higher alde-

hydes has been described in the patent literature.^

The aliphatic aldehydes combine with malonic acid or its esters

in the presence of bases to yield /3-hydroxy-a,a-dicarboxylic acids,

the dehydration and partial decarboxylation of which 3delds a-

ethylenic acids. It has been reported that jS-unsaturated acids

result if such degradations take place in the presence of primary or

secondary bases, whereas a-unsaturated acids are formed in the

presence of tertiary bases. Zaar has studied the condensation

of several of the higher aldehydes with malonic acid in the presence

of piperidine and has reported the preparation of 2-nonenoic acid

from heptanal, 2-decenoic acid from octanal, 2-dodecenoic acid

from decanal, and 2-tridecenoic acid from undecanal. 9-Aldonona-

noic acid when refluxed with malonic acid in the presence of a small

amount of piperidine gives a 24% yield of 2-undecenedioic acid.^“

Condensation reactions involving the higher aldehydes have

been employed for the synthesis of a-amino acids. The aliphatic

aldehydes condense with hydantoin to yield products the reduction

of which gives hydantoins of a-amino acids, which are readily

hydrolyzed to the free a-amino acids. Johnson ^ has described

the preparation of 2-aminopelargonic acid by condensing heptanal

with hydantoin to give 5-heptylidenehydantoin,

CH8(CH2)6CH=

CO—NHv

the reduction of which yields the hydantoin of 2-aminopelargonic

acid.

CO—NHv

which when hydrolyzed gives the free amino acid.

Aldehydes condense with alcohols to yield acetals, RCH(OR')2 ,

which may be considered as ethers of the hypothetical glycol,

RCH(0H)2. a number of the acetals of the higher aliphatic

aldehydes have been prepared and their properties described. The
ease of formation of an acetal is dependent upon the speciflc alcohol

and aliphatic aldehyde employed, and apparently the higher alde-

hydes form acetals more readily than their lower homologs. Acetal

formation is catalyzed by the presence of acids, the reaction

representing an equilibrium, since the aldehydes are reformed upon
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boiling the acetals with dilute solutions of mineral acids. Kirr-

fnann ^ has described the preparation of the dimethyl acetals of

the aldehydes from butanal to heptanal. Equimolar mixtures of

the higher aldehydes and alcohols react exothermally with the

formation of condensation products which are apparently hemi-

acetals,RCH(OH) (OR')- Hemiacetals prepared from the following

pairs have been described:^® 1-heptanol, heptanal, m.p. 2°;

1-octanol, octanal, m.p. 7°; 1-nonanol, nonanal, m.p. 19°; 1-dec-

anol, decanal, m.p. 31°; 1-imdecanol, undecanal, m.p. 35°; and

1-decanol, octanal, m.p. 13°. Zaar has prepared the addition

products of 1-dodecanol and dodecanal, m.p. 44.5^5.5°, and 1-

decanol and dodecanal, m.p. 35.5°. Cyclic acetals have been

obtained^ by the interaction of the higher aldehydes with 1-

halo-2,3-epoxypropanes in inert solvents in the presence of cata-

lysts such as stannic chloride. A series of a-alkoxy acetals has

been synthesized by condensation of the alkoxides of higher alco-

hols with bromoacetaldehyde.^®^

The reaction of halogens or certain halogen compounds with the

higher aldehydes forms the starting point for the synthesis of

many interesting derivatives. The action of the phosphorus

halides and allied compounds on the aliphatic aldehydes proceeds

with a replacement of the aldehydo oxygen atom by halogens, thus

3delding 1,1-dihalohydrocarbons. Acetylenic hydrocarbons result

when such compounds are treated with alcoholic potassium hydrox-

ide. 1-Pentyne and l-heptyne have been prepared from pentanal

and heptanal respectively by this series of reactions.^®® 1-Octyne

has been similarly prepared from octanal.^®® More recently, hep-

tynylsodiiun has been prepared by the action of metallic sodium

on l-heptyne obtained from heptanal.®^® The action of carbon

dioxide on l-heptjmylsodium yields 2-octynoic acid.

The higher aldehydes readily yield the highly reactive a-bromo

aldehydes when treated with moist bromine. Thus, the bromina-

tion of pentanal followed by treatment of the product with absolute

ethanol gives the a-bromo acetal, from which the a-hydroxy alde-

hyde may be obtained by reaction with potassium hydroxide.®^^

Kirrmann ” has described the preparation of a number of a-bromo

aldehydes by treatment of the methyl acetals with bromine in the

presence of phosphorus trichloride. All the liquid a-bromo alde-

hydes are strong lachrymators.

The reaction of the a-bromo aldehydes with Grignard reagents

has been investigated,®^® such reactions generally yielding sub-
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stantial amounts of olefins because of the dehydration of theresult-

ing alcohols. In his studies of the reactions of a-bromo aldehydes,

Kimnann has stated that certain reagents apparently remove
hydrogen bromide from the a-bromo aldehydes, yielding a ketene

as an intermediate. The bromine atom may readily be replaced

by a hydroxyl group.

Those hydroxy aldehydes which contain the hydroxyl group

remote from the carbonyl group constitute an extremely interest-

ing group of aliphatic derivatives. Such compounds are stable

chiefly in the cyclic form; for example, 6-hydroxyhexanal readily

assumes the cyclic form 2-methyl-6-hydroxytetrahydropyran.2^^

4-Hydroxynonadecanal has been stated to exist largely as a mixture

of the linear and cyclic forms.^^® The w-hydroxy aldehydes likewise

readily assume the cyclic form, 9-hydroxynonanal 3delding the

cyclic acetal

(CH2)7CH0CH8

when treated with methanol in the presence of hydrochloric acid.*^®

The similarity which exists between the chemical properties of the

higher hydroxy aldehydes and those of the sugars is of interest.

Because of their relative unavailability, not many uses have

been proposed for the higher aldehydes other than in perfumery or

the field of chemical intermediates. They have been suggested as

fungicides, especially in admixture with other known fungicidal

agents.2^^ Cadwell has proposed their use as accelerating agents

in the vulcanization of rubber. Octanal and nonanal have been

stated to possess high germicidal activities.^^®

THE HIGH MOLECULAR WEIGHT KETONES

Ketones possess the general formula RCOR'. Owing to the

presence of the carbonyl group, the ketones have many chemical

properties in common with the aldehydes. They are, however,

decidedly less reactive* and, in contrast to the aldehydes, are one

of the most stable groups of fatty acid derivatives. Those ketones

which are related to the higher fatty acids are characterized by
the presence of at least one long hydrocarbon radical. They fall

into two general groups, the dialkyl ketones and the alkyl aryl

ketones. In the former both R groups are aliphatic, whereas in

the latter one is aliphatic and the other aromatic. Although these
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two types of ketones possess many similarities, their methods of

Ef3mthesis and many of their phyacal properties diow some char-

acteristic differences. The alkyl aryl ketones do not occur in

natural products.

THE DIALKYL KETONES

These constitute a well-known and important class of fatty acid

derivatives, and many representatives of this type of compormd

have been synthesized and studied. Such compounds fall naturally

into two groups: the symmetrical ketones, in which the R groups

are alike, and the unsymmetrical ketones, in which the R groups

differ. Several methods of naming these ketones may be em-

ployed. In the chemical literature they are most frequently named

by designating the two R groups and the keto group; for example,

diundecyl ketone, CiiH26COCiiH26, or methyl undecyl ketone,

CH3COC11H2S. This method has the advantage of permitting a

rapid visualization of the structure of the compound and has been

generally employed in our discussion. The nomenclature employed

by the International Union of Chemistry designates the ketone as

a straight chain of carbon atoms. The compound is thus named as

if it were a hydrocarbon with the exception that the suffix “one"

is added. The position of the keto group is indicated by a numeri-

cal prefix. For example, dlimdecyl ketone is correctly named
12-tricosanone, and methyl undecyl ketone is 2-tridecanone. This

method has the advantage of enabling the clear indication of the

position of other functional groups; thus CH3CH(OH)(CH2)9-
C0(CH2)9CH(0H)CH3 is designated as 2,

22-dihydroxy-12-trico8a-

none. Quite frequently those symmetrical ketones which are de-

rived from the better-known aliphatic acids retain the common
name of the acid; thus diundecyl ketone is termed laurone; ditri-

decyl ketone, myristone; and diheptadecyl ketone, stearone. The
disadvantages of such a nomenclature are obvious, although it is

improbable that names such as acetone will ever fall into disuse.

Dialkyl ketones are found in certain oUs, a notable example

being the presence of methyl alkyl ketones in oU of rue. Both
methyl heptyl ketone and methyl nonyl ketone have been isolated

from this oil,*’'* and more recently methyl octyl ketone has also

been identified as a component.*** Palmitone and d-lO-hydroxy-

palmitone have been isolated from the unsaponifiable portion of

the wax of sandal leaves,*** and myristone has been identified as a
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component of alfalfa wax.^^ The methyl ketones present in the

natural oils probably result from the jS-oxidation of saturated acids

followed by the splitting out of carbon dioxide. The occurrence

in natural products of ketones with an even number of carbon

atoms, such as methyl octyl ketone, is of biological interest, since

if they are formed by the above process the parent acid must

contain an uneven number of carbon atoms.

Ketones are present in the products formed by the action of

bacteria or molds on fats, their formation being attributed to de-

carboxylation of the /3-keto acids which are intermediates in the

biological oxidation of fats or fatty acids.^^ Highly oxidizing con-

ditions are, therefore, unfavorable to ketone formation, since they

result in the further oxidation of the keto acids. Small amoimts

of ketones are produced by the action of either bacteria or molds

on media containing oleic acid.^^s The so-called ketonic rancidity

of fats has been attributed to the presence of methyl alkyl ke-

tones.^® Methyl alkyl ketones have been isolated from coconut

or palm oils, their fatty acids, or their ammonium soaps which

have been exposed to the action of molds in the presence of various

nitrogenous media. Factors such as pH exert a decided influence

upon the formation of ketones by the action of molds on fats.^

In many instances, the size of the fat molecule appears to be of

importance. In general, the acids of higher molecular weight,

myristic acid and its higher homologs, appear to be more resistant

to the action of molds than acids of intermediate molecular weight.

Unsaturation, on the other hand, appears to be without a decided

influence. The fatty acids become ketonic upon exposure to light,

the reaction taking place in the presence or absence of oxygen. It

has been reported that ketone formation proceeds rapidly upon

heating the fatty acids, the amount formed first increasing then

decreasing with continued heating. This latter finding, however,

has been shown to be incorrect since the ketones are very ther-

mostable. It is quite evident that the problem of the ketonic

rancidity of fats presents many interesting aspects which await

further exploration.

Preparation of the Higher Dialkyl Ketones

A number of methods are available for the S3mthesis of the higher

molecular weight dialkyl ketones. Perhaps the best known of

these procedures consists of heating a metallic soap or a mixture
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of metallic soaps above the decomposition point, decarboxylation

ensuing with the formation of a ketone, thus:

(RC02)2Ca -> RCOR + CaCOa

The mechanism of this reaction has been the subject of many
studies, and the principles involved have been incorporated into

several of the proposed methods for the preparation of the high

molecular weight dialkyl ketones. Most of the known sym-

metrical dialkyl ketones have been synthesized by this procedure.

Schmidt has obtained high yields of the ketones up to and in-

cluding dihexyl ketone by dry distillation of the barium salts of

the respective acids, and Krafft has prepared laurone, myristone,

palmitone, and stearone by heating the barium salts of the acids

under vacuum. When this method is applied to the higher alkyl

ketones, however, the yields are generally small owing to the high

temperatures involved. The yields may be increased by conduct-

ing the reaction slowly at lower temperatures under a vacuum,

substantial jdelds of oleone having been obtained by heating cal-

cium oleate at 130-170° imder 15 mm. pressure,^®* and of didecenyl

ketone by heating calcixim undecenoate at 90-120° under 20 mm.
pressure. The influence of the molecular weight of the acid upon

the yield of ketone has been studied by Araki.^®® The preparation

of ketones by such processes is not limited to the calcium or

barium soaps, since most of the heavy metal soaps of the fatty

acids yield ketones upon decarboxylation. Both magnesium and

manganese soaps form ketones when heated above 300°
;
however,

zinc salts give only hydrocarbons and are therefore not satisfactory

for the preparation of ketones.®®^ The lead salts appear to be quite

adaptable to ketone formation, an 80% yield each of laurone and

stearone having been obtained from lead laurate and lead stearate,

respectively.®®® This yield compares favorably with those ob-

tained from lead salts of the lower acids. The use of soaps other

than the calcium or barium soaps for ketone formation has been

proposed in the patent literature.®®® It has been shown ®®^ that the

presence of an a-hydrogen atom is necessary for ketone formation,

which suggests that the reaction proceeds through the initial for-

mation of a keto acid or its salt, the decarboxylation of which yields

the ketone. This decomposition may proceed through the keto

or the enol form, the presence of water or acid being necessary in

the latter instance. It has been shown that the temperature of
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ketone formation is lowered and side reactions are minimized if

traces of water are present.

Substantial yields of ketones result when the higher fatty acids

or esters are heated in the presence of metals or their oxides, such

substances evidently exerting a catalytic effect. The yields of

ketones are generally larger than those resulting from decarboxyla-

tion of the soaps. A variety of catalytic materials have been inves-

tigated for ketone formation from fatty acids. Stearic acid, for

example, yields stearone together with hydrocarbons when distilled

in the presence of powdered magnesium.®** Metallic iron exerts a

powerful catalytic effect, stearic, oleic, brassidic, erucic, and other

higher fatty acids yielding the corresponding ketones when heated

to 370° in the presence of 10% of iron filings.®*® The yields are

apparently higher than those obtained by decarboxylation of the

corresponding ferrous salts. Metals such as aluminum or man-

ganese exert a catalytic effect comparable to that of iron; however,

when the higher acids are heated with zinc, the products consist

largely of hydrocarbons. The addition of heavy metal soaps to

the reaction mixture prevents violent frothing.®** Griin and

coworkers®" have studied the effect of various catalysts on the

conversion of stearic acid into stearone, yields of 6~7% being ob-

tained when the acid is heated for six hours at 300° in the presence

of Si02, CuO, ZnO, Ti02, or Th02; 13%, in the presence of CdO;
and 17-24%, in the presence of iron oxides, aluminum oxide, or

magnesium oxide on kieselguhr. It was reported that nearly

quantitative yields of ketones are formed when either palmitic acid

or stearic acid is heated in an iron vessel at approximately 300° for

a period of several hours. The catalytic effect of iron or magnesium

has been reported ®*^ to be superior to that of other metals, the

ease of ketone formation in the presence of magnesium increasing

with the molecular weight of the acid. Tin exerts only a slight

catalytic effect. The hydrogenation of palmitic or stearic acid at

300-400° in the presence of a nickel-copper oxide catalyst forms

large amounts of unsaponifiable matter which consists largely of

ketones.®*® Ketones result when the higher acids are heated above

their decomposition points in the presence of strong dehydrating

agents, an example being the preparation of laurone or myristone

by heating lauric or myristic acid with phosphorus pentoxide.®**

Ketone formation from unsaturated fatty acids is facilitated if the

reaction is conducted in the presence of an inert gas.®**
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The catalytic transformation of fatty acids into ketones is best

accomplished by passing the vapors of the acids over decarbox-

ylating catalysts, which generally consist of metallic oxides or

their mixtures. For example, the fatty acids are converted into

ketones when passed at high temperatures in the vapor phase over

alkaline earth oxides.^* Thoria and ceria are extremely effective

catalysts for the vapor-phase formation of ketones from higher

acids, and the preparation of a thoria-gel catalyst for this purpose

has been described in detail.®^ The ethyl esters are rapidly con-

verted into ketones when passed over this catalyst, ethyl laurate

giving a 92.5% yield of laurone, and ethyl undecenoate an 86%
yield of didecenyl ketone at 300°.“^ Catalysts consisting of

manganese chromite or zinc chromite are also highly effective for

the vapor-phase conversion of fatty acids into ketones.^®

The unsymmetrical dialkyl ketones may be prepared by any

of the procedures described. Whereas the distillation of barium

stearate yields only diheptadecyl ketone, the distillation of a

mixture of barium stearate and barium acetate yields the unsym-

metrical ketone, methyl heptadecyl ketone, together with the two

symmetrical ketones, diheptadecyl ketone and acetone. Since

in the above example the methyl heptadecyl ketone is the desired

product, it is necessary to employ a large molecular excess of

barium acetate in order to minimize the formation of diheptadecyl

ketone. The reaction product, imder these conditions, consists

essentially of methyl heptadecyl ketone and acetone, which are

easily separated. Thus, Krafft^® heated barium palmitate or

barium stearate with equal weight amounts of barium acetate for

the preparation of methyl pentadecyl or methyl heptadecyl ke-

tone. Morgan and Holmes have prepared a series of methyl

alkyl ketones by heating the barium salts of the fatty acids from

caprylic to arachidic acid inclusive with three moles of barium

acetate and have also described the synthesis of methyl heneicosyl

ketone by the reaction of barium behenate with an excess of barium
acetate.*®^ Propyl hexyl ketone has been obtained by heating a
mixture of potassium butyrate and potassium heptanoate,^^ and
the preparation of this and many other mixed ketones by heating

mixtures of the calcium soaps has been described in the patent

literature.®®®

The same principles apply when unsymmetrical ketones in

which the R groups have markedly different chain lengths are

formed by heating acid mixtures in either the vapor or the liquid
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phase. Thns, in the formation of methyl alkyl ketones from acetic

acid and a higher acid, an excess of the lower acid is always em-
ployed, favoring the formation of the unsymmetrical ketone at the

expense of the higher symmetrical ketone. Methyl tridecyl ketone

and methyl pentadecyl ketone have been prepared by passing

the vapors of myristic and palmitic acids mixed with an excess of

acetic acid over thorium oxide at 400^.^^ Ruzicka and co-

w’orkers have described the preparation of a number of methyl

alkyl ketones by heating the vapors of the higher acids with acetic

acid. Unsaturated ketones, such as methyl heptadecenyl ketone,

have been obtained by passing the vapors of oleic or other acids

and acetic acid, acetic anhydride, or acetyl chloride over decarbox-

ylating catalysts at high temperatures.**^ Disproportionation

reactions probably are not involved in the formation of unsym-

metrical ketones, the mixed ketone being a primary reaction prod-

uct.*®* Unsymmetrical ketones are formed when mixed glycerides

are thermally decomposed in the presence of decarboxylating

catalysts.*®*

Cyclic ketones result from the decarboxylation of dibasic adds,

their anhydrides, or their alkaline earth or other salts. An early

patent **° on this subject discloses the preparation of cyclic ketones

by heating adipic acid or its homologs under reduced pressure in the

presence of decarboxylating catalysts, and states that suberone

is obtained in good yields by heating suberic acid in the presence

of 5% of iron filings. Aschan **^ later showed that cyclic ketones

are formed only in small amounts by heating dicarboxylic acids;

however, it was subsequently observed *** that the yield of cyclic

ketones is materially greater if the calcium salts of the dibasic

acids are subjected to pyrolysis. In 1928, Vogel**® studied the

conversion of a mixture of suberic and azelaic acids to suberone, and

obtained high yields by the dry distillation of the acids mixed with

an equal weight of iron filings and 5% of barium hydroxide. The
reaction evidently proceeds in two stages, the first of which is the

formation of a cyclic anhydride which is converted to the ketone

by loss of carbon dioxide. This mechanism receives support from

the fact that Blanc *** had previously shown that high yields of

cyclic ketones can be obtained by heating adipic and pimelic acids

with acetic anhydride at 220-250^, the reaction apparently pro-

ceeding with the initial formation of a cyclic anhydride. Ruzicka

and coworkers 265,206,2«7,268*2w.27o have made many extensive investi-

gations of the preparation of cyclic ketones by the decarboxylation



THE KETONES

both of the dicarboxylic acids themselves and of their various

salts. The highest yields of cyclic ketones result from decomposi-

tion of the cerium or thorium salts of the dicarboxylic acids, or

from passage of the acids in the vapor phase over either cerium

or thorium oxide. Cyclic ketones containing from nine to thirty

carbon atoms have been prepared by this method. Cyclization

may result in the formation of either mono- or diketones, with

the former generally present in much the larger amount. The
thorium salt of azelaic acid yields cyclooctanone in addition to

cyclohexanone, thus indicating a rather abnormal behavior.

Harries and Tank had previously shown that the dry distillation

of calcium azelate yields a mixture of cyclic ketones. The prepa-

ration of cyclic ketones by diy distillation of the cerium or thorium

salts of the dibasic acids has been patented by Ruzicka,^^ an

example being the preparation of cyclopentadecanone by the dis-

tillation of the cerium or thorium salts of hexadecanedioic a^id.

In carrying out this process, the dicarboxylic acid may be mixed

with cerium or thorium oxide and heated above 400° under

vacuum, or the vapors of the dicarboxylic acid may be passed over

either of these oxides.^^^ Alternate procedures are to heat the acids

with acetic anhydride and to heat the anhydrides of the acids in

the presence or absence of catalysts.

Although the pyrogenic reactions which we have discussed have

been found to be satisfactory for the preparation of many of the

dialkyl ketones, several other methods have been suggested and

employed. Some of these procedures offer distinct advantages,

since they are not accompanied by the excessive decomposition

occasioned by the high temperatures involved in decarboxylation

reactions. In several of these methods the yields are satisfactorily

high and the resulting ketones are easily purified, and some of the

reactions are weU adapted to the laboratory preparation of pure

ketones.

The Dakin synthesis, in which the ammonium or alkali metal

salts of the fatty acids are oxidized by hydrogen peroxide to yield

methyl alkyl ketones, is of only theoretical interest when applied

to the higher fatty adds. In 1908, Dakin stated that acetone

is obtained from the oxidation of ammonium butyrate with hy-

drogen peroxide, and in a later article he showed that the

ammonimn salts of the higher fatty acids are oxidized by hydrogen
peroxide to /3-keto adds, decarboxylation of which yields methyl
alkyl ketones. Thus, a solution of ammonium caprylate when



THE DIALKYL KETONES 837

wanned with an excess of hydrogen peroxide yields methyl pentyl

ketone, the caprate yields methyl heptyl ketone, and the stearate

gives methyl pentadecyl ketone. However, the yields progressively

decrease with increasing chain length.^* Acids above caproic give

yields of less than 10% of the desired ketones when subjected to

this procedure.

Acid chlorides yield ketones when treated with alkylzincs or

related compounds, the addition product which is first formed

being decomposed by a second molecule of the acid chloride.

Bertrand has synthesized ethyl pentadecyl ketone and propyl

pentadecyl ketone by the action of diethylzinc and dipropylzinc,

respectively, on palmitoyl chloride. The reaction in the former

case is as follows:
CifiHiiCOd

CisHsiCOCl + Zn(C2H6)2 Ci6H8iCOCl.Zn(C2H6)2 >

2C1BH81CC2H5 + ZnCl2

d

A number of keto acids have been S3mthesized by the action

of alkylzinc iodides on the acid chlorides of the monoesters of di-

carboxylic acids, C10C(CH2)xC02R. Blaise and Koehler have

also described the preparation of a series of diketones by the

action of alkylzinc iodides on the acid chlorides of the dicarboxylic

acids.

Both nitriles and amides react readily with Grignard reagents

to yield addition products which hydrolyze to give ketones. The
Grignard method has proved to be an extremely satisfactory pro-

cedure for the laboratory preparation of both symmetrical and

unsymmetrical dialkyl ketones, and also alkyl aiyl ketones. This

method is especially adaptable to the synthesis of pure uns3nm-

metrical dialkyl ketones, such as the preparation of methyl hepta-

decyl ketone from stearonitrile and methylmagnesium iodide.^**

Two moles of the alkylmagnesium halide are required for the con-

version of amides to ketones, an example being the synthesis of

ethyl 9-decenyl ketone by the action of 10-undecenamide and

ethylmagnesium bromide.^*^ Esters yield tertiary alcohols when
treated with Grignard reagents, ethyl laurate and butylmagnesium

chloride, for example, yielding 6-butyl-5-hexadecanol. The esters

of higher fatty acids, however, react in an abnormal manner with

^-butylmagnesium chloride, this reagent exerting a condensation

action with the formation of unsymmetrical ketones.*® Thus,

when ethyl laurate is heated with fer^-butylmagnesium chloride in
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xylene for five hours at 110-120° and the product is hydrolyzed

with hydrogen chloride, a 35% 3deld of laurone is obtained. Ethyl

palmitate yields palmitone when similarly treated.

The acetoacetic ester condensation of higher esters, followed by

hydrolysis of the resulting jS-keto esters, offers an excellent method

for the preparation of higher S3mmietrical dialkyl ketones. Mc-
Elvain *** has shown that ethyl 2-propionylpropionate and ethyl

2-butyrylbutyrate are obtained in high yields by the acetoacetic

est^r condensation of ethyl propionate and ethyl butyrate, respec-

tively, in the presence of sodium ethoxide, the reaction being as

follows:

2RCH2CO2C2H6 + NaOC^Hfi -> RCH2C(0Na)=C(R)C02C2H6 + 2C2H5OH

Later, Briese and McElvain prepared a series of /3-keto esters

of higher fatty acids by condensation of the ethyl esters in the

presence of sodium ethoxide, the yields varying from 74 to 84%.
Hydrolysis of these keto esters by refluxing for several hours with

a 6% solution of potassium hydroxide in 90% ethanol yields the

corresponding symmetrical ketones. The dialkyl ketones from

valerone to myristone were prepared in high yields by this method.

Recently, caprione, laurone, myristone, palmitone, and stearone

have been synthesized by condensation of the respective ethyl

esters in the presence of sodium ethoxide.*®® The preparation of

stearone by the alkaline hydrolysis of ethyl 2-stearoylstearate has

been described by Spielman and Schmidt.*®*

The oxidation of secondary alcohols yields ketones, although

such procedures are rarely employed for the preparation of the

higher dialkyl ketones. A catalyst consisting of 60% copper,

38.5% zinc, and 1.5% tin has been suggested for the vapor-phase

oxidation of secondary alcohols to ketones.*®^ Unsaturated ketones

result from the oxidation of disubstituted acetylenes, 6-dodecyne,

CsHiiC^CCsHii, yielding 6-dodecyn-5-one by air oxidation.

Other disubstituted acetylenes react in a similar manner.*®*

The so-called acyloins or keto alcohols, RCHOHCOR, are

readily obtained by the action of sodium on ether or benzene solu-

tions of aliphatic esters. This reaction was first proposed by
Bouveault and Locquin,**® and proceeds as follows:

2RCX)fR' + 4Na
RC—ONa

11 (-1- 2R'ONa)
RC—ONa

H2O RC—OH

r(!!:—oh

RCHOH

R(!!J=0

In a later investigation, Corson, Benson, and Goodwin *®* pre-

pared the aliphatic acyloins up to and including capronoin by
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heating the respective ethyl esters with sodium in ether, the acyl-

oins resulting in approximately 50% yields. The higher esters,

ethyl laurate and myristate, were found to react only incompletely

under these conditions. In the preparation of acyloins, it has been

noted that substantial amounts of diketones are present in the re-

action product, their formation being ascribed to an oxidation of

the salt of the dienolate.^*^^ Snell and McElvain^ have held

that the formation of a diketone is an intermediate step in the con-

densation of the esters in the presence of sodium, the diketone prob-

ably appearing as a sodium alkoxide addition product. The high

molecular weight acyloins from butyroin to stearoin have been

prepared by Hansley in 80-^5% yields, by reaction of the methyl

esters in xylene with sodium at a temperature above the melting

point of sodium (105°). The following melting points were re-

ported for the acyloins so prepared: butyroin, — 10°; capronoin, 9°;

capryloin, 39°; nonanoin, 45°; caprinoin, 51-52°; lauroin, 61-62°;

myristoin, 71-72°; palmitoin, 77-78°; and stearoin, 82-83°. Hy-
drogenation of the acyloins yields symmetrically substituted ethyl-

ene glycols, RCHOHCHOHR, which melt as follows: (R group,

m.p.) C7H15 ,
129-130°; C 12H25 ,

125-126°; C13H27 ,
124°; and

C17H35 ,
123-124°. Oxidation of the acyloins yields diketones,

RCOCOR, lauroin giving 12,13-tetracosanedione (bright yellow

solid, m.p. 71-71.5°) when treated with Wijs solution.

Physical Properties of the Higher Dialkyl Ketones

Much is yet to be learned concerning the physical properties

and behavior of the dialkyl ketones. The symmetrical dialkyl

ketones, including dihexyl ketone and its higher homologs, are

crystalline solids, whereas the still higher molecular weight ketones

assume waxlike properties and resemble paraffin in appearance.

The lower members of the series possess distinctly pleasant odors;

however, this odor progressively decreases with increase in molec-

ular weight, the higher members being odorless. The physical

properties of the higher symmetrical dialkyl ketones from dipentyl

ketone to diheptadecyl ketone are shown in Table V.

The ketones, like the aldehydes, react with hydroxylamine,

phenylhydrazine, semicarbazide, p-nitrophenylhydrazine, and 2,4-

or 2,5-dinitrophenylhydrazine to form identifying derivatives.

Many of these derivatives, however, possess lower melting points

than the ketones themselves; for example, the ketoximes of laurone,

myristone, palmitone, and stearone melt at 39-40°, 51°, 59°, and
62-63°, respectively.
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Oximes of the symmetrical ketones do not exist in isomeric

forms; however, those of the unsymmetrica^ dialkyl ketones exist

in two stereoisomeric forms:

RCR' RCR'

Hoi JroH

Thus, ethyl pentadecyl ketone gives two oximes, m.p. 68--69°

and 44-45°, rearrangement of which yields isomeric amides, one

of which gives pentadecylamine and the other palmitic acid upon

TABLE V

Physical Properties of Symmetrical Dialkyl Ketones

Ketone Common Name M.P.,“C. B.P.,'’C. eft

Dipentyl Caprone 14-15 226 0.8262“

Dihexyl Enanthone 30-31

29.7*
255 0.825*

Diheptyl Caprylone 41-42

39.25*

Dioctyl Pelargonone 53

Dinonyl Caprione 58-59

57 8*
Diundecyl Laurone 68-69

69 3*
0.7888“ »

Ditridecyl Myristone 78-79

77 2*
.... 0.7986“

Dipentadecyl Palmitone 83 7*
Diheptadecyl Stearone 88-89

88 7*
Di-9-decenyl 43

Di-ci8-8-heptadecenyl Oleone 59.5

Di-^rarw-S-heptadecenyl Elaidone 70

* Denotes freezing point.

saponification.^®® Ethyl heptadecyl ketone likewise 3delds two

oximes, m.p. 64-65° and 52.5-53.5°, which yield isomeric amides

upon rearrangement, saponifications of which yield heptadecyl-

amine and stearic acid. Propyl pentadecyl ketone behaves simi-

larly. After rearrangement and saponification, dipentadecyl

ketoxime yields pentadecylamine with only traces of palmitic acid.

Houben ^ has made an extensive investigation of the rearrange-

ment of the methyl nonyl ketoximes to the substituted amides.

The unsymmetrical dialkyl ketones possess somewhat lower

melting points than the corresponding symmetrical ketones con-
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taining the same number of carbon atoms. For example, methyl

pentadecyl ketone melts at 48°,*“ whereas its symmetrical isomer

dioctyl ketone melts at 53°. A study of the influence of the posi-

tion of the carbonyl group upon the freezing points of the members
of two series of isomeric ketones, C17H34O and CigHseO, has indi-

cated that the higher freezing points occur when the polar group

is adjacent to a terminal methyl group or S3rmmetrically placed

in the middle of the chain.*®®* This suggests that the activation

energy of melting is supplied by a torsional oscillation of the chains

about the carbonyl group.

The methyl alkyl ketones are the best known of the unsym-

metrical dialkyl ketones, many of the members of this group having

been described.*^®* *“**®^**“****-**® The lower members of this series

are pleasant-smelling liquids; the higher homologs are odorless

solids. The following physical constants have been reported for

the higher methyl alkyl ketones: (R group, m.p., b.p., hexyl,

-20.9° (f.p.), 173.5°, 0.82332 (ketoxime, -6.4° (f.p.), 114.6i3°,

0.88966); heptyl, -8.20° (f.p.), 195.3°, 0.82605 (ketoxime, 16.1°,

131.0x5°, —); octyl, 14°, 209°, 0.8248^® (semicarbazone, 124°, —

,

—); nonyl, 13° (f.p.), 1202o°, — (semicarbazone, 115°, —
,
—);

decyl, 20°,—
,
—

;
undecyl, 27.5°,—

,
— (semicarbazone, 115-117°,

—
,
—); dodecyl, 33°, —

,
—

;
tridecyl, 37°, 18420°, — ;

tetradecyl,

43°, —
,
— (semicarbazone, 126.5°, —

,
—); pentadecyl, 48°,

19712°, — (semicarbazone, 125.5°, —
,
—); hexadecyl, 52°, —

,
—

;

heptadecyl, 55°, —
,
— (semicarbazone, 117-119°, —

,
—); octa-

decyl, 58°,—
,
—

;
nonadecyl, 61°,—

,
—

;
eicosyl, 63.5°,—

,
—

;
and

heneicosyl, 66.5°, —
,
—

.

The higher ethyl alkyl and propyl alkyl ketones possess melting

points comparable to or somewhat lower than those of their iso-

meric methyl alkyl ketones. For example, ethyl pentadecyl ketone

melts at 53° and propyl pentadecyl ketone at 50.5°.*^^ 12-Penta-

cosanone (undecyl tridecyl ketone) has been reported to melt at

59°.*®®

The symmetrical and unsymmetrical dialkyl ketones are soluble

in all organic solvents, the solubility decreasing with increasing

molecular weight of the ketone and with increasing polarity of the

solvent. In general, the unsymmetrical dialkyl ketones are some-

what more soluble than their symmetrical isomers. The solubil-

ities of several of the higher molecular weight symmetrical dialkyl

ketones have recently been determined **® in benzene, cyclohexane,

tetrachloromethane, ethyl acetate, butyl acetate, acetone, 2-
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butanone, methanol, 95% ethanol, 2-propanol, 1-butanol, nitro-

ethane, and acetonitrile, and the results reported illustrate the

general solubility behavior of the dialkyl ketones in organic sol-

vents. In the non-polar solvents benzene, cyclohexane, and tetra-

chloromethane, the ketones are most soluble in benzene and least

soluble in cyclohexane. They form eutectics with benzene and

cyclohexane. 10-Nonadecanone forms a eutectic with benzene at

3.9° which contains 10% of ketone, and with cyclohexane at 6.1°

which contains 10% of ketone. 12-Tricosanone forms a eutectic

with benzene at 5.4° containing 0.4% of ketone, and with cyclo-

hexane at 6.3° containing 1.2% of ketone. Eutectics with the

higher ketones occur at much lower concentrations. The solu-

bilities of several symmetrical ketones in benzene are shown in

Table VI.
TABLE VI

SOLXTBILITIES OF StMMETBICAL KeTONES IN BeNZENE

Grams per 100 g. Benzene

No. of C
Atoms obo 30.0° 50.0° 80 1°

19 13.8 67.5 510 00

23 1.2 20.3 142 00

27 0.3 6 3 64.7 00

31 »0.1 1.7 27.7 1200

35 <0.1 0.6 12 7 383

The ketones, in general, tend to be less soluble in the more

polar solvents, being less soluble in ethyl acetate and butyl acetate

than in the previously mentioned non-polar solvents. They are

more soluble in 2-butanone than in acetone and are much less

soluble in methanol than in the higher alcohols. Their solubilities

in methanol and 95% ethanol are shown in Tables VII and VIII,

respectively.

TABLE VII

Solubilities of Stmmetbical Ketones in Methanol

Grams per 100 g. Methanol
No. of C
Atoms 10.0° 30.0° 50.0° 64.7°

19 0.6 1.5 69.5 00

23 »0.1 0.5 1.7 »23
27 . .

.

»0.1 0.4 1.9

31 . ,

.

«0.1 0.9

35 ,

.

. .

.

, , 0.3
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TABLE VIII

SOLUBILiriEB OF STlOO&TBlGAli KeTONES IN 95% EtHANOL

No. of C
Atoms

Grams per 100 g. 95% Ethanol

10.0® 30.0° 60.0° 65.0® 78.5®

19 1.2 3.2 194 00 00

23 0.2 0.6 6.0 900 00

27 <0.1 «0.1 0.8 13.8 00

31 ,

.

0.2 2 7 69.5

35 •• <0.1 0.4 4.9

The higher ketones show a considerable range of immiscibility

in the liquid state in methanol, and the liquid ketones are immisci-

ble with acetonitrile over a large range of concentration.

The solubility behavior of the ketones may be influenced by
intermolecular association, since they possess appreciable polari-

ties. 8oo. 8oi.802 Cole,®®® however, has stated that the ebullioscopic

behavior of 14-heptacosanone and 16-hentriacontanone in hexane,

cyclohexane, and benzene cannot be explained simply by the asso-

ciation of these compounds in solution. The physical behavior of

the higher ketones suggests a continuous chain of carbon atoms,

x-ray studies showing a structure closely similar to that of the

corresponding paraffins.®®® The contribution of the dipole layers

to the heats of fusion of the unsymmetrical and symmetrical ke-

tones approximates 3.2 and 5.3 kg. cal./mole, respectively. The
Raman frequency of the C:0 group has been stated ®®® to be inde-

pendent of the length of the chains constituting the R groups.

Chemical Properties of the Higher Dialkyl Ketones

The ketones show many of the reactions characteristic of the

aldehydes, with the notable exception that although they enter

into condensation reactions they do not readily polymerize.

Because of this difference, reactions involving the higher ketones

generally proceed smoothly and do not give the polymerized prod-

ucts of undetermined composition which are often encountered

when an aldehyde is one of the reacting components.

Reduction of the ketones, either by chemical or by catalytic

means, 3delds secondary alcohols, the further reduction of which

gives hydrocarbons. The preparation of secondary alcohols by
reduction of ketones may readily be accomplished by treatment

of the ketones with sodium and an alcohol, Thoms and Mannich ®®®
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having described the reduction of methyl nonyl ketone to 2-undec-

anol by the action of sodium in absolute ethanol. Such reactions

are conducted by dissolving the ketone in excess ethanol, adding

somewhat more than the theoretical amount of sodium, and, after

the initial reaction has subsided, heating the mixture on a water

bath until completion. Cooling may be necessary in the early

stages of the reaction. Although the method is of general applica-

tion, the higher dialkyl ketones are frequently somewhat diflScult

to reduce. Caprone when reduced by sodium in ethanol gives a

high yield of 6-undecanol, m.p. 16°, 6754 235°.*®* Pickard and

Kenyon 254,307 employed this procedure for the reduction of a

number of methyl alkyl ketones, examples being the reduction of

methyl tridecyl ketone to 2-pentadecanol, m.p. 38-39°, bg 181-

183°, and of methyl pentadecyl ketone to 2-heptadecanol, m.p.

46°, 6i6 230°. Reduction of the higher ketones may easdly be

accomplished by treatment with sodium and a higher alcohol,

Easterfield and Taylor having described the reduction of stear-

one to 18-pentatriacontanol, m.p. 89.5°, by the action of sodium

and 1-pentanol. Sodium alkoxides reduce ketones to the corre-

sponding carbinols, the action of sodium isopropoxide on methyl

nonyl ketone giving a 92% yield of 2-undecanol.®®* Griin and
associates ^ have described the conversion of a number of high

ketones to carbinols by treatment with sodium ethoxide in aqueous

ethanol at 300° for six to eight hours. Diundecyl, dipentadecyl,

and diheptadecyl ketones were reduced to the respective carbinols

by this procedure.

The reduction of the higher ketones by the use of amalgamated
zinc and hydrochloric acid yields hydrocarbons. For example,

the reduction of either dipentyl ketone or methyl nonyl ketone by
this method gives undecane.®®® Heptahexacontane, CerHiae, m.p.

104.1°, has been obtained by the reduction of ditritriacontyl ke-

tone, (C33H67)2C0, m.p. 109-110°, by this method.®^® Dehydra-

tion of higher molecular weight secondary alcohols yields olefins,

18-pentatriacontanol yielding 17-pentatriacontene when treated

with thionyl chloride. Hydro^nation of this olefin yields the

saturated hydrocarbon pentatriacontane, C36H72.®" Saturated

hydrocarbons may also be obtained from the higher ketones by
treatment with phosphorus pentachloride or allied agents, followed

by reduction of the dichlorohydrocarbon with hydrogen iodide and
phosphorus. Krafft ®^^ has described the preparation of saturated

hydrocarbons from laurone and several of its higher homologs by
this method.
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Catalytic hydrogenation of the higher ketones in the presence

of metallic nickel or other catalyst yields the corresponding second-

ary alcohols together with hydrocarbons.*^’*^*'*^^ When high

temperatures are employed during the catalytic hydrogenation of

ketones, the yields of secondary alcohols are generally very small,

since hydrocarbons and polymerized materials constitute the

greater proportion of the reaction product. Thus, Haller and

Lassieur obtained largely hydrocarbons and their polymeriza-

tion products by the hydrogenation of methyl nonyl ketone at

300° over metallic nickel. The catalytic-nickel hydrogenation of

a number of ketones to secondary alcohols at temperatures from
75° to 200° has been described in the patent literature. Blumen-

feld has called attention to the favorable influence of alkali

metal alkoxides during the catalytic hydrogenation of ketones to

secondary alcohols. The hydrogenation of unsaturated to satu-

rated ketones in the presence of metallic nickel has been de-

scribed.*^* The hydrogenation of unsaturated ketones 3delds either

saturated ketones or secondary alcohols, the latter of which have

been proposed as starting materials for the preparation of vretting

agents.*^*’ *“

Catalytic hydrogenation of the higher ketones under high

hydrogen pressure in the presence of ammonia or amines yields

the corresponding amines. Such reactions probably proceed with

the initial formation of a secondary alcohol which then condenses

with the ammonia or amine. The preparation of higher amines

by this method has been described in the patent literature.**^-***

Oxidation of the higher ketones results in a rupture of the chain

at the carbonyl group with the formation of carboxylic acids. In

such oxidations, the carbonyl group generally remains attached

to the smaller alkyl group. For example, the products of the oxi-

dation of methyl pentadecyl ketone with potassium dichromate

are pentadecanoic acid and acetic acid. Ethyl pentadecyl ketone

and propyl pentadecyl ketone both yield pentadecanoic acid as

one of their oxidation products,*^ and methyl heneicosyl ketone

gives heneicosanoic acid. Morgan and Holmes **^ have described

the oxidation of a number of the methyl alkyl ketones by sodium
dichromate and sulfuric acid. Methyl nonyl ketone yields pelar-

gonic and acetic acids when oxidized with sodium hypochlorite.

The mechanism and rate of oxidation of a number of dialkyl

ketones have recently been the subject of an investigation in

which the latter was shown to be dependent upon the rate of enoli-

zation.***
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The higher dialkyl ketones axe very resistant to thermal decom-

position. Carbon monoxide, saturated and unsaturated hydro-

carbons, and small quantities of hydrogen and carbon dioxide are

the chief products of pyrolysis of the higher dialkyl ketones.

Stearone and oleone give small amoimts of carbon monoxide when
heated to 300-350^, the amount increasing with increase in the

temperature.®^ Stearone yields 48.0% of the theoretical amount
of carbon monoxide when heated for one hour at 550°, and oleone

gives 66.7% when heated at 600° for a similar period.

The reaction of ketones with Grignard reagents parallels that

of aldehydes, the addition product yielding a tertiary alcohol upon
hydrolysis. Such reactions are frequently employed for the prepa-

ration of high molecular weight tertiary alcohols and alkyl-substi-

tuted hydrocarbons. Stearone forms an addition product with

ethylmagnesium iodide which hydrolyzes to give 18-ethyl-18-

pentatriacontanol, which in turn yields 18-ethylpentatriacontane

when reduced with hydrogen iodide and phosphorus.®®

The higher ketones undergo condensation reactions ^vith the

formation of. keto alcohols, the reaction being similar to an aldol

condensation. Strong acids or alkalies function as condensation

catalysts for such reactions. Grignard and Colonge ®® obtained

small yields of keto alcohols by condensation of the ketones in

the presence of acids. Condensation of the methyl alkyl ketones

in the presence of aminomagnesium halides, RR'NMgX, gives

high yields of keto alcohols, the condensation of methyl nonyl

ketone in the presence of such reagents jdelding lO-methyl-12-

keto-lO-heneicosanol, m.p. 23°, in 70% yield, the condensation

proceeding as follows:

C9H19COCH8 + CH8COC9H19

CHs

C»Hi»<!j—CHsCOCoHw

Ketones likewise condense with aldehydes to yield keto alcohols,

which are easily dehydrated to unsaturated ketones.

Ketones condense with ethylene oxide to yield ether alcohols,

the sulfonation of which gives water-soluble compounds.®^ Such
condensations probably proceed through the enol form of the

ketones.

The higher ketones add hydrogen cyanide with the formation

of cyanohydrins, the reaction being similar to that of the aldehydes

with this reagent. Hydrolysis of these cyanohydrins yields sub-
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stituted glycolic acids. Maehlmann has described the prepara-

tion of methylhexyl-, m.p. 36®; methylheptyl-, m.p. 38®; methyl-

octyl-, m.p. 41®; and methylnonylglycolic acids, m.p. 46®, by the

action of hydrogen cyanide on the corresponding methyl alkyl

ketones, followed by hydrolysis of the resulting cyanohydrins.

These substituted glycolic adds have been resolved into their

optical isomerides through their strychnine salts.

The dialkyl ketones yield thioketones when treated with phos-

phorus pentasulfide; however, the higher alkyl thioketones have

never been prepared in a state of high purity. The lower molecular

weight thioketones are reddish yellow liquids which are readily

soluble in organic solvents.

The action of sulfating and sulfonating agents on both saturated

and unsaturated ketones has been described in a number of patents.

Unsaturated ketones such as oleone, when treated with concen-

trated sulfuric add, yield sulfates whose hydrolysis gives hydroxy

ketones which have been proposed as substitutes for the natural

waxes.*®® Three isomeric bis(hydroxyheptadecyl) ketones have

been described, the melting points being 86®, 89®, and 90°.®*® The
treatment of saturated dialkyl ketones with strong sulfonating

agents for the preparation of water-soluble or water-dispersible

compoimds has been described in several patents.®*®'**^-**®’*** The
preparation of wetting agents from higher ketones has been accom-

plished by chlorination followed by complete or partial substitution

of the halogen atoms by ^vater-solubilizing groups.*®^

THE ALKYL ARYL KETONES

The high molecular weight alkyl aryl ketones possess many of

the chemical and physical properties of the higher dialkyl ketones.

They are, however, distinguished from the latter in that the

presence of an aromatic radical imparts to them characteristic

aromatic properties which are not encountered with the dialkyl

ketones. Both their chemical and physical properties are greatly

influenced by their unsymmetrical structures. Several procedures

for the preparation of the higher ketones may be applied with

equal success to both dialkyl and alkyl aryl ketones, whereas other

methods are specific for the synthesis of one or the other type.

Preparation of the Alkyl Aryl Ketones

Acylation reactions constitute by far the most important

method for the synthesis of the higher alkyl aryl ketones, and the
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Friedel-Crafts reaction finds one of its most interesting applica-

tions in the preparation of these compounds. This reaction and
its several modifications are of essentially universal application for

the S3mthesis of the alkyl aryl ketones. The procedure generally

employed consists of treating an aromatic compound with a higher

acyl chloride in the presence of at least one molecular equivalent

of aluminum chloride, an example being the preparation of phenyl

pentadecyl ketone by the reaction of palmitoyl chloride with

an excess of benzene, which proceeds as follows:

CisHjiCOCl + CeH. CuHnCOCeHs + HCl

The application of this method to the preparation of the higher

alkyl aiyl ketones was first extensively studied by Krafft,*®® who
described the synthesis of p-tolyl pentadecyl ketone, p-tolyl hepta-

decyl ketone, m-xylyl pentadecyl ketone, p-methoxyphenyl penta-

decyl ketone, p-ethoxyphenyl pentadecyl ketone, and 1,3-di-

methoxyphenyl pentadecyl ketone by reaction of the respective

acid chlorides and aromatic compounds in the presence of alumi-

num chloride. Later, Claus and Hafelin obtained phenyl

heptadecyl ketone, p-xylyl heptadecyl ketone, m-xylyl heptadecyl

ketone, p-tolyl pentadecyl ketone, and mesityl pentadecyl ketone

by a similar procedure.

Friedel-Crafts reactions of acylation are essentially catalytic

reactions which involve the formation of metallic complexes.

Many halides other than aluminum chloride have been shown to

be catalytic in such reactions. These include ferric chloride, zinc

chloride, stannic chloride, titanium tetrachloride, boron trichlo-

ride, and zirconium tetrachloride, and the following decreasing

order of activity has been proposed for the more commonly
employed halides: AICI3, FeCls, ZnCl2, SnCL, TiCU, ZrCU.
That such reactions proceed through the formation of metallic

complexes was first shown by Perrier ®®® and later confirmed by
Kohler and by Boeseken,®^ who showed that the acid chloride

forms a complex with aluminum chloride, RCOCl- AICI3, and that

this complex acts as an acylating agent. The ketone also forms a
complex with the aluminum chloride, RCOR'-AlCls, which is

incapable of promoting further acylation.®^* ®^® Hydrolysis of this

ketone-aluminum chloride complex yields the desired ketone.

Acylation reactions thus involve several steps, as follows:

RCOCl + CeHe + AlCla RCOCl AlCls + CeHe

RCOCcHb-AICU + HCl
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Sudi reactions differ decidedly from those of alkylation^ since

in the latter only catalytic amounts of aluminum chloride are

necessary, whereas in acylation reactions at least a molecular

equivalent of catalyst is required to complete the reaction. An-

hydrides and fatty acids also function as acylating agents in the

presence of Friedel-Crafts catalysts, the former requiring two

moles and the latter three moles ^ of condensing agent.

This suggests that such reactions proceed with the initial formation

of an acyl chloride, which results from the action of the aluminum

chloride or other halide on the anhydride or acid.

When the hydrocarbon to be acylated is a liquid, such as ben-

zene, toluene, or xylene, it is customary to employ an excess of this

hydrocarbon as the solvent for the acylation reaction. This is

not feasible, however, when the hydrocarbon is a solid at the reac-

tion temperature. In such instances an inert solvent is used, the

most common being carbon disulfide or petroleum ether. In many
cases reactive solvents may be employed if their activity is below

that of the compoimd to be acylated.

A large number of high molecular weight alkyl aryl ketones have

been prepared by Ralston and Christensen,®^^ and the synthesis of

xenyl heptadecyl ketone by the Friedel-Crafts reaction may be

taken as typifying the preparation of such compounds by this

method

:

A 15.4-gram (0.1 mole) sample of biphenyl was dissolved in 200 cc.

carbon disulfide and 30.2 grams (0.1 mole) stearoyl chloride added.

This mixture was cooled in ice to approximately 10®C., and 13.3 grams

(0.1 mole) alummum chloride was added slowly over a period of one-

half hour with constant stirring. The mixture was then refluxed until

no further evolution of hydrochloric acid was observed, and was finally

poured upon a mixture of ice and dilute hydrochloric acid to hydrolyze

the complex aluminum compound formed. The hydrolyzed mixture

was steam-distilled to remove carbon disulfide and complete the

hydrolysis, after which the ketone was separated from the water layer

by decantation. The ketone was recrystallized from benzene to con-

stant melting point.

This procedure was employed by Ford for the preparation of

several xenyl alkyl ketones. It is apparently unsatisfactory for the

preparation of alkyl aryl ketones from the higher acyl chlorides

and naphthalene or anthracene, the reactions yielding only oily

products from which no pure compounds can be isolated. Fre-

quently with Friedel-Crafts reactions involving high molecular
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weight add chlorides and aromatics it will be found that the final

ketone complex is ledstant to hydrolyds. In such instances it has

been proposed to conduct the hydrolysis in the presence of a

wetting agent, such as a salt of a high molecular weight amine.

This procedure generally results in rapid and complete hydrolysis

of the ketone complex.

The preparation of the higher alkyl aryl ketones from phenol or

other hydroxy aromatic compounds presents a specific type of

reaction which holds many points of interest. Two general pro-

cedures are available for the syntheds of such compounds. Phenol

may be treated directly with an add chloride and aluminum chlo-

ride by a standard Friedel-Crafts procedure; or a phenyl or other

ester may be subjected to a Fries *“ rearrangement, which involves

treating the ester with an active metal halide, the presence of

which transforms the ester into the isomeric alkyl hydroxyaiyl

ketone. These two reactions have much in common, it having

been stated that the Friedel-Crafts synthesis involving phenols

often proceeds with the initial formation of phenyl esters.*” It

has also been suggested *”> *** that the mechanism of the Fries

rearrangement is a sdsdon of the ester to yield the acyl chloride

followed by acylation of the phenol.

In the acylation of phenol or other substituted aromatics, the

formation of two or more isomeric ketones is theoretically posdble.

Thus, when phenol is acylated, ortho-, para-, or Tweto-hydroxyphenyl

ketones may result. Actually, ?nc<o-hydroxyphenyl ketones are

not formed, so that the reaction mixture which results either by
the Friedel-Crafts acylation of phenol with add chlorides or by
the Fries rearrangement of phenyl esters consists of a mixture of

ortho- and pam-hydroxyphenyl alkyl ketones. A number of studies

have been made of the effect of various factors upon orientation in

the acylation of phenol with the higher acid chlorides and in the

rearrangements of phenyl esters, and these investigations have con-

tributed materially to our imderstanding of such reactions.

Sandulesco and Girard *** have shown that phenol reacts with

aluminum chloride to form phenoxyaluminum chloride, CeHsO-
AICI2, and that this reacts with an add chloride to form ketones.

Since, however, the add chloride can also form a complex with

aluminum chloride, it is evident that the reaction mechanism is

influenced by the mole proportion of aluminum chloride employed.

In an extensive study of the acylation of phenol with caprylyl
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chloride, Ralston, McCorkle, and Bauer showed that the rela-

tive yields of o- and p-isomers are quite dependent upon the mole

proportion of aluminum chloride. The use of one mole of alu-

minum chloride, the amount sufficient to form only theC6H5OAICI2
complex, gives a p/o ratio less than unity, whereas the use of two

moles, the amount sufficient to form both complexes, ^ves a p/o

ratio much greater than unity. The order of addition of the re-

actants does not affect the orientation if both complexes are pres-

ent; however, low temperatures (below 50®) give an orientation

characteristic of that complex originally present. In a subsequent

study *** of the rearrangement of phenyl capiylate in the presence

of aluminum chloride, it was shown that the products of this

reaction are also influenced by the quantity of aluminum chloride

employed. Rearrangements in which one mole of aluminum

chloride is used involve the initial formation of an ester-aluminum

chloride complex, the reaction proceeding as follows:

CeHsOCCrHu - CeRjOAlCls + C7H15COCI - Cl^OCeHiCJOCTHK + HQ
i

AlGls

A study of the intermediate stages of this rearrangement showed

that an ortho orientation is favored in the early stages of the reac-

tion and a para orientation in the latter, the p/o ratio increasing

as the reaction progresses. Esters may be rearranged by alumi-

num chloride complexes of ketones or hydroxy ketones, and conse-

quently the molecular amount of ester rearranged is greater than

the molecular 6quivalent of aluminum chloride employed, if the

amount of aluminum chloride is less than a molecular proportion.

When substantially more than one equivalent of aluminum chlo-

ride is used, the p/o ratio is much greater than unity, the following

reaction mechanism having been proposed:

C6HBOCC7H16 + AlCla C6H5OAICI2 + C7H16COCI .AICI3

l>AlCli

The reaction then follows one of two courses:

(I) The phenoxyaluminum dichloride may be acylated, thus:

CiHeOAlCa, + CrHuCOfcl AlCa, -» Cl,AlCX3«H4CC7His + Ha
•AlCb
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(II) The ester may be acylated and this product react with

phenoxyaluminum dichloride, thus:

CeHsOCCrHis + CrHisCa AlCl* -» C7H15CC6H4OCC7H16 AICI, + HCl

S <!i A

C7HuiCX:3«H«OCCTHi5-AlCl* + CeHsOAlCl* — 2C7Hi5CC,H40AlCa, + HCl

ii A d

The ratio of p- to o-hydroxy ketones obtained during either a

Friedel-Crafts acylation of phenol or a rearrangement of phenyl

esters is greatly influenced by the solvent and by the acylating

agent employed. Of the four solvents which have been investi-

gated (carbon disulfide, nitrobenzene, tetrachloroethane, and

petroleum ether), the lowest ratio of paror to or^Ao-hydroxy ke-

tones was obtained with carbon disulfide, ^nd the highest with

nitrobenzene. The activity of ferric chloride is comparable to

that of aluminum chloride in the rearrangement of phenyl esters,

and paro-hydroxy ketone formation is decidedly favored in the

presence of this catalyst.*®* Titanium tetrachloride is decidedly

less active than ferric chloride, and stannic and zinc chlorides are

only weakly catalytic. The chain length does not appear to exert

a decided influence upon orientation in the acylation of phqpol.*®®' *®®

The Grignard method offers a very satisfactory procedure for

the synthesis of many of the higher alkyl aryl ketones. Ketones

such as a-naphthyl heptadecyl ketone, which are quite difficult to

synthesize by acylation reactions, may be obtained in high yields

by this procedure. In the application of this method to the

synthesis of higher alkyl aryl ketones, either an amide or a nitrile

of a higher acid is treated with the magnesium halide of the

aromatic hydrocarbon, the resulting complex then being hydro-

lyzed to obtain the ketone. When the amide is used as the starting

material, two moles of the arylmagnesium halide are required, the

reaction proceeding by the following steps:

(I) RCONH2 + R'MgX RCONHMgX + R'H

(II) RCONHMgX + R'MgX

R 2H2O

R'/^NHMgX
RR'CX) + Mg(OH)s + MgX, + NH,

The preparation of several higher alkyl aryl ketones by the

action of Grignard reagents on amides has been described by Ryan
and Nolan,**® who obtained a-naphthyl heptadecyl ketone from
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stearamide, and phenyl, o-naphthyl, and p-tolyl pentadecyl ke-

tones from palmitamide, by this method. Nitriles require only

one mole of arylmagneshim halide, the ketimine which forms yield-

ing a ketone upon acid hydrolysis. The synthesis of a number of

higher alkyl aryl ketones by the action of arylmagnesium halides

on nitriles has been described, an example being the synthesis

of phenoxyphenyl heptadecyl ketone by the action of stearonitrile

on phenoxyphenylmagnesium bromide.

Physical Properties of Alkyl Aryl Ketones

With the exception of those alkyl aryl ketones which are liquid

at room temperatiu-e, the alkyl aiyl ketones are waxy solids, re-

taining their waxlike characteristics even after extensive purifica-

tion. Many representatives of this class of compounds have been

described both in the academic ^ and in

the patent literature. The latter group includes phenox3rphenyl

alkyl ketones,®®® xenyl alkyl ketones,®®® furyl and dibenzofuryl

alkyl ketones,*®^ carbazole alkyl ketones,®®® thienyl alkyl ketones,®®®

and mixed xylyl heptadecyl ketones.®^®

The reported melting points of a number of the higher alkyl

aryl ketones are shown in Table IX.

The higher alkyl aryl ketones are insoluble in water and glycerol.

They are very soluble in organic solvents, in some of which they

form stiff gels. The solubilities of xenyl heptadecyl ketone in a

number of organic solvents ®^^ are shown in Table X.

The melting points of the p-hydroxyphenones are substantially

higher than those of their ortho isomers. Such compounds can

readily be identified as their 2,4-dinitrophenylhydrazones. Table

XI shows the melting points of some isomeric hydroxyphenones

together with the melting points and appearances of their 2,4-

dinitrophenylhydrazones. ®®®

The 0- and p-hydroxyphenones are separated by the preferential

solubility of the p-isomers in aqueous alcoholic sodium hydroxide

solution.®^^ The p-isomers give intense colorations with ferric

chloride, whereas the o-isomers give no coloration when treated

with this reagent. Ketones have been prepared from the homo-
logs of phenol and also from the di- and trihydroxybenzenes.

Klarmann ®^ has described the preparation of the higher alkyl aryl

ketones from resorcinol, and Karrer and Rosenfeld *®^ have pre-

pared several of the higher alkyl ketones of resorcinol and phloro-

glucinol. The preparation of chaulmoogroylresorcinol ®^® and
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TABLE IX

MEi;riNG Points of Alktl Ketones

Ketone

Phenyl heptyl

Phenyl undecyl

Phenyl pentadecyl

Phenyl heptadecyl

Xenyl undecyl

Xenyl tridecyl

Xenyl pentadecyl

Xenyl heptadecyl

Phenoxyphenyl undecyl

Phenoxyphenyl tridecyl

Phenoxyphenyl heptadecyl

m-Xylyl heptadecyl

p-Xylyl heptadecyl

m-Xylyl pentadecyl

2>-Methoxyphenyl undecyl

p-Methoxyphenyl pentadecyl

p-Methoxyphenyl heptadecyl

p-Ethoxyphenyl pentadecyl

7>-Methylxenyl heptadecyl

p-Chloroxenyl heptadecyl

p-Methylphenoxyphenyl heptadecyl

p-Tolyl pentadecyl

p-Tolyl heptadecyl

2-Furyl undecyl

2-Fuiyl heptadecyl

5-MethyI-2-fuiyl heptadecyl

2-Dibenzofuryl undecyl

2-Dibenzofuiyl heptadecyl

2-Lauroylcarbazole

2-Stearoylcarbazole

2.8-

Dilauroylcarbazole

2.8-

Dimyristoylcarbazole

2.8-

Dipalinitoylcarbazole

2.8-

Distearoylcarbazole

2-Lauroylthiophene

2-Myristoylthiophene

2-

Stearoylthiophene

3-

Stearoyldibenzothiophene

a-Naphthyl undecyl

a-Naphthyl heptadecyl

* Probably high.

M.P.,"C. Other Constants

16.4 & 283.0, df 0.95155

46
59* 6i6 250. 5-251

59

97-98

102-

103

103-

104

108-109 0.9384

45-46

53.5-54.5

68

39

57

37 5i6 268-269

60

70.5 6ib 279-280

76

69

105-106

96-97

77-78

60

.67

6b 165-166

56-57

68-

69
74-75

83-84

101-102

105-106

176

169

162

161-162

64 190-195, ng 1.5019,

<410.9632

64 205-210, ng 1.4961,

<410.9506

48-49

69-

70

6b 240-245

53-54
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TABLE X
Solubilities of Xentl Heftadecyl Ketone

Solvent

Solubihty

Temp.,®C.
,

g./lOO cc.

Ethanol 27.0 0.082

Glycerol 50.0 0.000

Acetone 15 0 0.202

24 0 0.400

1-Butanol 9.0 0.40

45 0 1 00

70.5 8.00

Benzene 26 0 4 00

50.5 24 02

61.0 80.04

Toluene 31 0 4 00

48 0 20 00

65.5 80.00

Carbon tetrachloride 24.0 4.01

52 0 30 03

80.0 80.00

Chloroform 20 0 8 0
43 0 32 0
54.0 64.0

Kerosene 30.0 1 0

47 5 4 0
75 0 48 0

Turpentine 22.0 1.0

41 5 4 0
73 5 60 0

TABLE XI

Melting Points of Hydroxyphenones

Phenone M P ,®C.

2,4-Dimtropheny1

hydrazone Color, M.P.,®C

o-Hydroxycaprylo 6i 97-99 Orange, 140-141

p-Hydroxycaprylo 62.5-63.5 Red, 176-178

o-Hydroxylauro 44r-45.5 Orange, 92-93

p-Hydroxylauro 71-72 Dark red, 150-151

o-Hydroxymyristo 52-55 Orange, 92-92.5

p-Hydroxymynsto 78-80 Dark red, 142-143

o-Hydroxypalimto 54-56 Yellowish orange, 94-95

p-Hydrox3rpalmito 84.5-85 Dark red, 141-142

o-Hydroxystearo 64-66 Yellow, 95-97

p-Hydroxystearo 87-89 Dark red, 139.5-140
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hexanoylresorcinol has been described. The acylation bf

styrene,*’^* indene,*^® coumarones,*^ and various coal-tar distil-

lates ^ has been described in the patent literature, and the

use of such products as modifying agents for resins has been

studied.®®®'®*^ The acylation of a number of dyes with high

molecular weight acyl chlorides in the presence of aluminum chlo-

ride or other Friedel-Crafts catalysts 3delds oil-soluble products.®®®

Both the high molecular weight dialkyl ketones and the alkyl

aryl ketones form monomolecular films on water, and such films

show a marked correlation between the structure of the ketone and

the type of film formed. Films of methyl heptadecyl ketone are

less compressible than those of stearone. A comparison of the

films of xenyl heptadecyl ketone and phenoxyphenyl heptadecyl

ketone shows that the areas occupied by the latter are much
greater at low compressions, owing to the hydrophylic nature of

the ether oxygen. At higher compressions, the areas occupied by
these two ketones become approximately identical.®®®

Chemical Properties of Alkyl Aryl Ketones

The higher alkyl aryl ketones possess chemical properties very

similar to those previously described for the dialkyl ketones

Clemmensen reduction jdelds alkyl aryl hydrocarbons, the reduc-

tion of laurophenone, for example, giving dodecylbenzene, m.p.

—7®, 6i3 179-180®,®®® and the reduction of p-hydroxylaurophenone

yielding p-dodecylphenol.®®® Mikeska and Cohen ®®^ have recently

prepared a number of high molecular weight alkyl aryl hydro-

carbons by reduction of the corresponding alkyl aryl ketones.

Phenyl heneicosyl ketone, m.p, 73-76®, gives docosylbenzene when
reduced by the Clemmensen method. Heneicosyl naphthyl ketone,

m.p. 67-69®, yields docosylnaphthalene, m.p. 56-58®, when simi-

larly treated.

The action of alkyl aryl ketones with Grignard reagents yields

tertiary carbiilols, the reduction of which gives hydrocarbons.

Thus, stearophenone and butylmagnesium chloride yield 5-phenyl-

5-docosanol,®®^ the reduction of which gives 5-phenyldocosane.

The alkyl phenyl ketones are split by treatment with yellow

ammonium sulfide to 3rield amides, the reaction being accomplished

by heating the ketones with a solution of yellow ammonium sulfide

under pressure at 200-220® for five or six hours. The yield of

amide decreases with increase in the length of the alkyl group,

phenyl methyl ketone giving a 49.6% yield of phenylacetamide
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and 13.5% of phenylacetic acid, whereas phenyl pentadecyl ketone

gives no amide or acid of the same carbon content as the original

ketone.***

Advantage has been taken of the presence of the aryl group in

the alkyl aiyl ketones for the preparation of many types of deriva-

tives. The aryl group may easily be sulfonated for the preparation

of water-soluble compounds.****®*^ Amino ketones are obtained

by the action of ammonia or amines on halo-substituted ketones, p-

chlorostearophenone yielding p-dimethylaminostearophenone when
treated with dimethylamine.****®*® Treatment of p-dimethylamino-

stearophenone with dimethyl sulfate yields p-stearoylphenyltri-

methylammonium methosulfate.

Many uses have been suggested for the higher alkyl aryl ketones

and allied compounds. Hydroxyphenyl alkyl ketones and related

compounds have been suggested as disinfecting agents.**^ The
higher alkyl aryl ketones have been added to lubricating

oils, 891, 392, 393 chlorinatcd alkyl aryl ketones have been proposed

as lubricating oil addends.**^ The higher alkyl aryl ketones are

useful in waxing and polishing compositions,*** and have been

proposed as insulating and dielectric materials for electrical

apparatus.**®
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XI

THE ALffHATIC HYDROCARBONS AND
METALLIC SOAPS

THE ALIPHATIC HYDROCARBONS

Fatty acids are frequently employed as starting materials for the

synthesis of pure aliphatic hydrocarbons or of alkyl aryl hydro-

carbons. No discussion of the fatty acid derivatives would be

complete without reference to the several procedures which have

been proposed for the preparation of hydrocarbons from the fatty

acids. Although such reactions are not of present commercial

significance, the fact that they offer a means of obtaining many
hydrocarbons in a state of high purity has contributed materially

to our knowledge of the physical and chemical properties of such

compounds. Obviously, this discussion of the hydrocarbons must
be confined to those obtainable from the fatty acids or their simple

derivatives, and by reason of such limitation this treatment of the

hydrocarbons cannot be considered as exhaustive or complete.

Small amounts of hydrocarbons are present in many of the

naturally occurring fats and waxes. They have been isolated in

significant amounts from candelilla wax,^ camauba wax,^ beeswax,^

and other vegetable and insect waxes. Hata ^ has separated large

amounts of hydrocarbons from the unsaponifiable matter of

Formosan beeswax, among which was identified hentriacontane,

C31H64, together with smaller amounts of pentacosane, C26H62,

heptacosane, C27H56, and nonacosane, C29H60- The higher unsatu-

rated hydrocarbon squalene, C30H50, has been identified in yeast

fat ^ and in the unsaponifiable fractions of wheat germ oil and olive

oil.® Marcelet ^ has isolated small amounts of hydrocarbons from

the unsaponifiable matter of peanut oil and has stated that their

presence is largely responsible for the characteristic odor and taste

of the raw oU. The hydrocarbons present in natural oils are re-

moved by the deodorization process and are thereby concentrated

in the distillate. A study ® of the products removed from olive oil

867



868 THE ALIPHATIC HYDROCARBONS

and peanut oil by the deodorization process has shown that they

contain a large number of unsaturated hydrocarbons and that such

hydrocarbons contribute materially to the odor and taste of these

oils. Highly unsaturated hydrocarbons have been isolated from

shark liver oil,® and a saturated hydrocarbon, CigHsg, has been

separated from this oil in significant amounts.^ The presence of

hydrocarbons in the various naturally occurring fats and waxes

presents an interesting biological problem which merits further

investigation.

Preparation of Hydrocarbons from Fatty Acids

The preparation of hydrocarbons from the fatty acids or their

derivatives possibly has very wide implications, since there are

those who hold that the fatty acids, particularly those of marine

origin, constitute one of the mother substances of petroleum.

That hydrocarbons are one of the major products of the pyrogenic

decarboxylation of the fatty acids or their soaps has been known
for many years. In 1846, Gottlieb obtained hydrocarbons by

the destructive distillation of olive oil, and it has also been ob-

served that hydrocarbons result from the pyrolysis of sodium

oleate. The destructive distillation of stearic acid yields both

solid and liquid hydrocarbons,^^ and lower fatty acids and hydro-

carbons have been isolated from the products of pyrolysis of fatty

acid mixtures.^® In the memorable researches of Engler,^^ it was

shown that hydrocarbons result from the destructive distillation

of fish oils and other glycerides, and it was suggested that such

reactions may be involved in the formation of petroleum. Since

this work, many investigators have studied the pyrogenic decom-

position of the fats, fatty acids, or soaps and have commented upon
the similarity of the resulting products to some of the natural

petroleums. Mailhe,^® for example, obtained complex petroleum-

like mixtures when the vapors of linseed oil were passed at 600-^50°

over a catalyst consisting of magnesium oxide and copper, and later

it was shown ^® that saturated and unsaturated hydrocarbons result

when linseed oil is heated at about 300^ in the presence of inert

catalysts such as kieselguhr. The decomposition of cottonseed oil

in a closed vessel at 450® in the presence of hydrogen proceeds

through the loss of oxygen as carbon dioxide, carbon monoxide,

and water, yielding hydrocarbons many of which boil within the

gasoline range.®® Egloff and associates have studied the produc-

tion of motor fuels by the cracking of fish oils and of cottonseed oil.
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The cracking of menhaden oil gave 37.5 to 47.5% of distillate

boiling within the gasoline range. The treatment of this distillate

with dilute sodium hydroxide gave a water-white product which

had only a slight fishy odor. The cracking of cottonseed oil under

pressure gave a 54% yield of refined gasoline. A Russian patent ^

issued in 1924 discloses the preparation of lubricating oils by pass-

ing the vapors of fatty acids, obtained from either animal or vege-

table oUs, over iron oxide at 250-400°. The type of hydrocarbons

which result by cracking either fatty adds or fats is largely de-

pendent upon the conditions employed in the cracking process,

since high temperatures or continued heating yields low-boiling

products as a result of secondary reactions.

The decomposition of the alkali or alkaline earth soaps of the

higher fatty adds generally gives better yields of hydrocarbons

than are obtained by pyrolysis of the corresponding fatty adds or

fats. Both liquid and solid paraffins have been stated to

result from the destructive distillation of sodium stearate, and

sodium oleate yields olefins when similarly treated. The p3rrolysis
of caldum stearate gives a mixture of parafiins and oil, whereas

calcium oleate yields unsaturated products.^^ It has been suggested

that such processes may account for the presence of paraffinic

hydrocarbons in petroleum, but that naphthenic hydrocarbons are

probably formed from the resinous, terpene-Uke substances found

in plants. The preparation of hydrocarbons from the calcium soaps

probably proceeds with the initial formation of ketones.^^ Griin

and Wirth^s obtained only unsaturated hydrocarbons from the

decomposition of sodium stearate, and they believed that the

saturated hydrocarbons are not primary decomposition products.

Yields of hydrocarbons as high as 70-80% of the fatty acids have

been obtained by the pyrolysis of alkali or alkaline earth soaps,

^

and the dry distillation of the soaps resulting from the refining

of fish oils has been suggested as a source of petroleum-like hydro-

carbons.^^ The decomposition of palmitic, stearic, and oleic acids

in the presence of aluminum chloride yields small amounts of

liquid products which resemble paraffin oil in appearance.^® The
similarity of the products resulting from the decomposition of the

fatty add soaps to many of the petroleum hydrocarbons is certainly

not merely coinddental. Many who have studied this problem

believe that the conversion of fatty substances into soaps, followed

by the high-temperature decomposition of these products, accoimts

for the formation of certain types of naturally occurring petroleums.
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In the previous discussion of the preparation of alcohols by the

catalytic hydrogenation of fatty acids or their esters, it was pointed

out that hydrocarbons constitute the end products of such reac-

tions. Mixtures of alcohols and hydrocarbons are obtained, for ex-

ample, when esters of the higher acids are hydrogenated at 250-

350^ under 100 atmospheres pressure, in the presence of various

catalysts.*® The alcohols and esters formed during the hydrogena-

tion of soybean oil in the presence of a copper chromite catalyst

are completely reduced to hydrocarbons if the process is conducted

at 390°, and above this temperature cracking is encountered with

the formation of lower-boiling hydrocarbons.*^ Ueno ^ has de-

scribed the preparation of a number of saturated hydrocarbons by
the high-pressure hydrogenation of fish oils at very high tempera-

tures. Such processes, however, are not frequently employed for

the synthesis of hydrocarbons because of the extreme conditions

involved.

Many methods have been employed for the preparation of pure

hydrocarbons from the fatty acids. One of the earliest of these

procedures consists of the direct reduction of the acids themselves

by the action of hydrogen iodide and red phosphorus, Krafft *®

having described the preparation of undecane, dodecane, tridecane,

tetradecane, pentadecane, hexadecane, heptadecane, and octa-

decane by the reduction of the respective acids with these reagents

at about 240°. This method is not frequently employed for the

synthesis of pure hydrocarbons owing to the small yields which are

obtained. A somewhat allied procedure, which has proved to be

reasonably satisfactory, consists of the conversion of fatty acids

to ketones and the reduction of these ketones to the corresponding

hydrocarbons. The early applications of this method were likewise

described by Krafft **• *^ and consisted of the conversion of the

ketone to the dichlorohydrocarbon followed by reduction of the

product with hydrogen iodide and phosphorus, the reaction pro-

ceeding as follows:

®\co
R'/ R'/^l

HI + P

This procedure differs from the direct reduction of the acids in

that the resulting hydrocarbons contain more carbon atoms than

the starting acids. Thus, tridecane may be prepared by the con-

version of lauric acid into 2-tridecanone followed by reduction.

It is, therefore, possible to synthesize a number of hydrocarbons
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from a specific acid, since the add may be converted into a number
of different ketones. Krafft,®**®* for example, has studied the

preparation of pentadecane from 2-pentadecanone, of heptadecane

from 2-heptadecanone, and of several higher hydrocarbons, such

as heptacosane from myiistone and pentatriacontane from stear-

one. The preparation of docosane from 7-docosanone, and of

tetracosane from 7-tetracosanone, has also been described.

The B3mthesis of hydrocarbons from ketones received a material

impetus by the advent of the Clemmensen method of reduction,

and this procedure with its various modifications has been used

frequently as a source of pure hydrocarbons. The method consists

of heating the ketone with amalgamated zinc and hydrochloric acid

and is applicable to the reduction of both the higher dialkyl

ketones and the higher alkyl aryl ketones. In an initial paper

upon this subject, Clemmensen described the reduction of propyl

phenyl ketone to butylbenzene, of 2-undecanone to undecane, of

2-nonadecanone to nonadecane, and of diheptadecyl ketone to

pentatriacontane, and he stated that the method is of general

application for the reduction of such ketones. The Clemmensen

reduction of either caprone or 2-undecanone gives high yields of

undecane.*® The application of this method to the reduction of

the higher dialkyl ketones may be illustrated by the reduction of

22-tritetracontanone to tritetracontane,®^ C43H88 ,
or of 34-hepta-

hexacontanone to heptahexacontane,** CerHise. The Clemmensen
reduction of a number of symmetrical and unsymmetrical ketones

has been employed by Muller and Saville for the preparation of

the hydrocarbons from heptadecane to pentatriacontane inclusive.

The method has since been used for the preparation of a number
of pure hydrocarbons for physico-chemical studies.®®* Aliphatic

aldehydes such as heptanal are also reduced to the corresponding

hydrocarbons by this procedure.

The reduction of the higher alkyl aryl ketones proceeds quite

slowly owing to solubility factors, and a modification of the Clem-

mensen method, adaptable to such compounds, has been pro-

posed.®* This modified procedure is illustrated by the reduction of

stearophenone to octadecylbenzene, the method being described

as follows:

About a three-inch layer of mossy zinc amalgamated according to

Clemm^isen’s directions with 5% mercuric chloride was placed in a

two-liter Erlenmeyer flask, provided with an inlet tube for hydrogen

chloride, and a return condenser. Two hundred fifty grams of stearo-
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phmioiie dissolved in 750 cc. of xylol was then added, followed by just

enough concentrated hydrochloric acid to cover only about half of the

zinc This left the xylol solution of the stearophenone in

direct contact with the other half of the zinc amalgam.

The mixture was then heated to boiling. During refluxing, hydrogen

chloride was passed into the reaction mixture to replace the hydro-

chloric acid consumed. After a contact time of seven hours, the product

was isolated, and was distilled under 5 mm. pressure. The product

distilled at 220-235'^ and weighed 228 g. The residue consisted of 30 g.

of heavy oil. The distillate was redissolved in xylol and placed in

contact with zinc-mercury amalgam as before for 7 hours. On isolation

and distillation under 4 mm. pressure, 190 g. of a product boiling at

195-205^ and melting at 33° was obtained.

The reduction of heptadecyl xenyl ketone to octadecylbiphenyl

and of heptadecyl tetrahydronaphthyl ketone to octadecyltetra-

hydronaphthalene by this procedure was likewise accomplished.

A later paper described the reduction of heneicosyl phenyl

ketone to docosylbenzene, of heneicosyl naphthyl ketone to doco-

sylnaphthalene, and of heneicosyl xenyl ketone to docosylbiphenyl.

Hydrocarbons may be obtained by the catalytic reduction of

ketones, the preparation of dodecylbenzene by the catalytic hydro-

genation of laurophenone having been described.^ Schmidt and

Grosser^* have prepared a series of a,«-diphenylalkanes by con-

version with aluminum isopropoxide of Q;,a>-dibenzoylalkanes to

the corresponding diols, followed by dehydrogenation of the diols

to dienes and hydrogenation of the latter to the saturated hydro-

carbons in the presence of a Pd-BaS04 catalyst.

The haloalkanes are the most frequently employed intermediates

for the synthesis of pure hydrocarbons from the fatty acids, and a

number of procedures have been described for the preparation of

hydrocarbons from these compounds. Such processes include the

replacement of the halogen by hydrogen either by chemical reduc-

tion or by catalytic hydrogenation, the condensation of two alkyl

radicals by the well-kno^vn Wurtz reaction, the formation and
hydrolysis of alkylmagnesium halides, and the reaction of the

haloalkanes with Grignard reagents followed by hydrolysis of the

resulting complex.

Reduction of the higher haloalkanes may be accomplished by
treatment with zinc and hydrochloric acid, and Levene and others ^

have prepared the saturated hydrocarbons from C16H34 to C32H66

by reduction of the corresponding iodo compounds with zinc and
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hydrochloric acid. This method is a modification of that previously

employed for the preparation of hexadecane from 1-iodohexa-

decane.^^ Carey and Smith have reported that 1-iodohexadecane

is quantitatively converted to hexadecane by boiling its acetic add
solution for three hours with zinc dust; however, it was suggested

that propionic acid be substituted for acetic acid for the reduction

of the higher iodoalkanes. When 1-bromohexadecane is treated

for ten hours with acetic acid and zinc the reduction is still incom-

plete, the product containing 7.8% of bromine, and l-chlorohexa-

decane is not materially reduced after twenty hours. This indi-

cates that the method is not satisfactory when applied to the

higher bromo- or chloroalkanes. The reduction of 1-iodohexa-

decane with a zinc-copper couple gives a 90% yield of hexadecane,

and a similar yield is obtained by the catalytic hydrogenation of

an iodo compound in the presence of a Pd-CaCOa catalyst.

Iodoalkanes are reduced to the corresponding hydrocarbons by
reaction with sodium amalgam in absolute ethanol. The applica-

tion of this method has been described by Gascard,^® who reduced

1-iodohexadecane, 1-iodooctadecane, and other iodoalkanes to the

corresponding hydrocarbons.

The well-kno\vn Wurtz reaction is probably the most frequently

employed method for the synthesis of higher hydrocarbons. The
reaction consists of treating the haloalkanes in an inert solvent

with sodium or potassium, the resulting hydrocarbons thus con-

taining twice the number of carbon atoms present in the original

halo compound. When two halo derivatives of different chain

lengths are employed, the product consists of a mixture of the three

theoretically possible hydrocarbons. The reaction is, therefore,

adaptable to the synthesis of a large number of both aliphatic and

alkyl aryl hydrocarbons from the fatty acids. In his initial dis-

closure of this reaction, Wurtz “ described the sjmthesis of 2,6-

dimethylhexane from 2-methyH-iodopropane and sodium and of

several other hydrocarbons by the action of iodoalkanes with this

metal. Later, Schorlemmer accomplished the s3mthesis of

octane by the action of sodium with 1-iodobutane, the reaction

proceeding as follows:

2C4H9I + 2Na CsHis + 2NaI

It was several years before this reaction was applied to the

preparation of the higher hydrocarbons. Dotriacontane was S3m-

thesized in 1884-1885 by the reaction of sodium on 1-iodohexa-
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decane,*'’”^ and in 1886 Krafft ** described the synthesis of tetia-

decane, hexadecane, octadecane, and eicosane by the reaction of

haloalkanes with sodium. Tiiacontane, C3oHe2,
is obtained from

1-iodopentadecane by treatment for ten hours with sodium in

boiling xylene.** Yields of 55 to 65% of pure decane have been

obtained ** by the action of sodium upon 1-bromopentane. The
preparation of dotiiacontane, C32H66,

by treating 1-iodohexa-

decane with sodium in boiling ether has been described in detail."

'In his study of the [^thesis of the hi^er hydrocarbons from 1-

iodoalkanes, Gascard** observed that potasrium is more satis-

factory than sodium.

The application of the Wurtz reaction to the preparation of the

alkyl aryl hydrocarbons was first described by Mttig and Konig."

The method was successfully used by Schweinitz,** who obtained

octylbenzene by the action of sodium on a mixture of bromoben-

zene and l-bromo6ctane in ether, and also by Krafft," who pre-

pared hexadecylbenzene and octadecylbenzene by the action of

sodium on iodobenzene and the respective l-iodoalkanes. A
recent description of the Wurtz-Fittig reaction has been given by
GUman and Turck,® w'ho prepared octadecylbenzene by the action

of sodium on iodobenzene and l-iodocictadecane.

The mechanism of the Wurtz reaction has been the subject of

several investigations."-® Bachmaim and Clarke** have postu-

lated a mechanism based upon the production of free radicals.

That the reaction is not a rimple one is shown by the investigation

of these authors upon the action of sodirun with 1-bromoheptane.

In addition to tetradecane, the reaction mixture contains heptane,

heptene, a heneicosane, and higher hydrocarbons. In their study

of the influence of various factors upon the preparation of octane

from 1-bromobutane and sodium, Lewis and others ** arrived at

the following conclusions: (1) optimum yields are obtained when
the sodium is used in excess (not greater than 50 mole per cent)

;

(2) a volume of ether 2.5 times the volume of 1-bromobutane is

necessary; (3) low temperatures favor the formation of octane,

whereas higher temperatures give greater yields of unsaturated

hydrocarbons; (4) finely divided sodium should be employed; (5)

traces of moisture greatly reduce the yield; and (6) agitation mate-

rially increases the reaction rate. These authors have published

the following directions for the preparation of octane from 1-bromo-

butane (butyl bromide)

:
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. . . Twenty moles (1480 g.) of ether, dried over calcium chloride

and distilled over sodium, is placed in a five liter round-bottomed flask

equipped with an addition tube, a four foot reflux condenser and an

agitator. Sodium cut thin with a sodium knife is added to the amount

of 12.1 moles (278 g.) and then 8.3 moles (1137 g.) of dry butyl bromide

run in over fifteen minutes. The mixture is refluxed \^ith agitation for

ten hours and then the excess sodium destroyed by slowly adding water

to the contents of the flask. The layers are separated; the ether layer

is dried with calcium chloride and fractionally distilled.

A 68% yield was obtained, on the basis of the l-bromobutane

used.

High yields of octane are also obtained by dropping l-bromo-

butane upon metallic sodium and removing the reaction product

at the reflux temperature."**®

The action of sodium with the a,a}-dihaloparafSns 3delds a mix-

ture of saturated hydrocarbons. For example, sodium and 1,10-

dibromodecane, Br(CH2)ioBr, give a mixture of paraffins of the

general formula H[(CH2)io]a; H, eicosane, triacontane, tetracontane,

pentacontane, hexacontane, and heptacontane having been isolated

from the reaction mixture.®*

The Grignard method offers one of the most versatile procedures

for the preparation of hydrocarbons from haloalkanes. Hydro-

carbons with the same number of carbon atoms as the starting

halo compounds are obtained by the formation of the alkylmag-

nesium halide followed by its hydrolysis. The reaction proceeds

as follows:

RX -h Mg - RMgX

HX
RMgX + HOH > RH -h MgXOH

A recent example of the application of this procedure is the syn-

thesis of 9-octadecene by the action of magnesium on l-bromo-9-

octadecene, followed by decomposition of the resulting 9-octa-

decenylmagnesium bromide with 5% hydrochloric acid containing

some ammonium chloride.*^

Magnesium, like sodium, can function as a condensing agent,

the resulting hydrocarbons containing twice the number of carbon

atoms present in the original haloalkanes. The overall reaction

may be represented as follows:

2RBr 4- Mg —> RR + MgBr2
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Grignard,®* for example, syniheAted several hydrocarbons by
the action of magnesium on bromoalkanes, and the condensing

action of magnesium was later studied by Houben,®® who postu-

lated that the reaction proceeds with the initial formation of an

alkylmagnesium bromide which then reacts with a second molecule

of haloalkane, thus:

RMgBr + RBr RR + MgBrg

The presence of an excess of haloalkane favors the condensation

reaction, so that this condition is avoided when high yields of the

alkylmagnesium halide are desired. Such reactions do not take

place readily with the lower haloalkanes, but an increase in chain

length apparently favors condensation. The preparation of several

higher hydrocarbons by the condensation action of magnesium on

iodoalkanes has been described.®®

Grignard reagents readily form complexes with organic halo

compoimds, the hydrolysis of which yields hydrocarbons. Such

reactions offer the major contribution of the Grignard reagents to

those syntheses of hydrocarbons which involve the higher halo-

alkanes. Many unsaturated and branched-chain hydrocarbons,

which would be extremely difficult to prepare by other methods,

have been obtained by recourse to this procedure. The applica-

tion of this method to the synthesis of 1-alkenes may be illustrated

by the action of the higher alkylmagnesium halides with 3-bromo-

propene, a reaction which has been investigated extensively.^®-

This procedure has recently been employed for the preparation

of a number of 1-alkenes, the synthesis of 1-pentadecene from

dodecylmagnesium bromide and 3-bromopropene proceeding as

follows:

Ci2H2BMgBr + BrCH2CH:CH2 -> Ci2H26CH2CH:CH2 + MgBr2

1-Nonene, 1-decene, 1-undecene, 1-dodecene, 1-tridecene, 1-

heptadecene, and 1-heneicosene are similarly obtained. The
hydrogenation of these olefins in the presence of platinum oxide

yields the corresponding saturated hydrocarbons. Waterman and
de Kok have described the s3aithesis of 1-heptene by the action

of 3-bromopropene on butylmagnesium bromide, and the prepara-

tion of several higher molecular weight alkenes by a amilar pro-

cedure has been published by Kozacik and Reid.’®

High molecular weight unsaturated alkyl aryl hydrocarbons have

been obtained by dehydration of the tertiary alcohols resulting

from the action of Grignard reagents on ketones.®®*®* For example.
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the reaction of stearophenone with butylmagnesium bromide yields

5-phenyl-5-docosanol, which, when heated with oxalic acid, is

dehydrated to the iinsaturated hydrocarbon 5-phenyl-5-docosene.

The hydrogenation of this hydrocarbon in the presence of platinum

oxide and glacial acetic acid yields the saturated hydrocarbon 5-

phenyldocosane. This method has been employed for the syn-

thesis of a number of high molecular weight branched-chain alkyl

aryl hydrocarbons.

The electrolysis of aqueous alcoholic solutions of alkali metal

soaps 3delds hydrocarbons, and recourse to this method, which was
initially proposed by Kolbe/^ is frequently taken for their syn-

thesis. The reaction was first used for the preparation of the hi^er
hydrocarbons by Petersen,^* who observed that electrolysis of the

salts of saturated fatty acids yields saturated hydrocarbons to-

gether with olefins, esters, and small amounts of alcohols. Peter-

sen has proposed the following equations for the changes which

take place during the electrolysis of undecenoic acid:

(D 2C10H19CO2H 2C10H19CO2 “
1
“ H2

(ID 2C10H19CO2 + H2O — 2C10H19CO2H + (0)

(III) 2C10H19CO2 (CioHi9)2 + 2CO2

(IV) 2C10H19CO2 —* C10H18 + C10H19CO2H + CO2

(V) CioHis + H2O C10H19OH

The main reaction is expressed by equation (III). Thus, the

major product formed by the electrolysis of undecenoic acid is the

unsaturated hydrocarbon (CioHi9)2 ,
which results from a combi-

nation of two alkenyl groups initially present in the starting acid.

Small amounts of an alcohol are always present in the final product.

In a more recent study of the mechanism of the electrolysis of po-

tassium caproate, Fichter and Zumbrunn have stated that the de-

composition of the primary electrolysis product, (C5HiiC02)2 ,

is due to evolution of heat at the cathode. They suggest that two

main decompositions are involved, one of which proceeds through

the Kolbe synthesis and the other through the intermediate forma-

tion of percaproic acid, thus:

(I) 2C6H11CO2H —
> (C6HiiC02)2 C10H22 + 2CO2

(II) (C5HiiC02)2 + H2O — CsHiiCOsH + C5HHCO2H

CbHiiCOsH CbHuOH + CO2

Some of the alcohol formed under these conditions yields an

unsaturated hydrocarbon by dehydration, in addition to a small
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amount of ester which results from esterification with the acid

present. * Dover and Helmers ^ have published a detailed prepara-

tion of 9,25-tetratriacontadiene, C34H669 by the electrolysis of

potassium oleate. Fifteen grams of oleic acid were dissolved in

75 cc. of ethanol and neutralized with an aqueous solution of

potassium carbonate. Five more grams of oleic acid were added

and the solution electrolyzed at 50-60° between platinum elec-

trodes in a narrow 300-cc. beaker. The electrodes were of such a

size as to permit a current density of about 5.5 amperes per sq. dm.

when a current of 1.25 amperes was passed through the solution.

It was stated that the best results were obtained by electrolyzing

the solution for a period of twenty-five to thirty hours, with the

addition of 4.5 grams of oleic acid (dissolved in 30 to 50 cc. of warm
ethanol) every three hours to replace that used in the reaction.

In a study of the electrolysis of sodium stearate, Rhodes ^ obtained

only small amounts of hydrocarbons after 14 hours at 0.3 ampere.

Electrolysis of an alcoholic solution of potassium myristate at

55-60° and 0.96 ampere gives a 60% yield of hexacosane, and

potassium palmitate at 70° and 0.98 ampere gives a similar yield

of triacontane.^^ Hexahexacontane, C66Hi34, has been prepared

by the electrolysis of potassium tetratriacontanoate in aqueous

ethanol at 70°; however, only small quantities were prepared at a

time owing to the limited solubility of the soap in ethanol.

The higher alkyl aryl hydrocarbons may be prepared by the

Friedel-Crafts alkylation of aromatic compounds, although such

reactions have not been extensively investigated. It has been re-

ported that alkylations with halopropanes,®® halobutanes,*^

and halopentanes involve appreciable branching of the alkyl

groups, and Calloway has stated that it is virtually impossible

to introduce a normal alkyl chain with more than two carbon

atoms. Gilman and Turck,®® however, have reported a 50% yield

of octadecylbenzene by the Friedel-Crafts alkylation of benzene

with 1-bromooctadecane, thus indicating that no significant re-

arrangement takes place under the conditions employed. The
alkylation of phenol with high molecular weight haloalkanes or

haloalkenes, followed by sulfonation of the resulting compounds,

has been proposed for the preparation of wetting agents.®®

The synthesis of unsaturated hydrocarbons by the dehydration

of alcohols or the dehydrohalogenation of haloalkanes is discussed

in previous chapters. Consequently, reference is made in this

present chapter only to a few specific examples of such reactions.
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The former of these procedures may be accomplished either by
catalytic means or by heating with dehydrating agents such as

concentrated sulfuric acid or phosphoric anhydride. The action

of phosphoric anhydride on the alcohols is one of the earliest

methods employed for the preparation of the higher olefins,

Dumas and Pfligot®^ having prepared 1-hexadecene by the de-

hydration of 1-hexadecanol with this reagent.

Olefin mixtures result from the p3rrolysis of haloalkanes, the

dehydrochlorination of 1-chlorohexadecane having been stated to

yield mainly l-hexadecene.“ Generally, dehydrohalogenations are

accomplished by treatment of haloalkanes with alcoholic potas-

sium hydroxide, an example being the action of this reagent with

1-iodohexane to yield 1-hexene. An isomeric hexene is obtained

when the hydrogen iodide is removed by means of quinoline.®®

The dehydroiodination of 3-iodononane with alcoholic potassium

hydroxide yields a nonene, the catalytic reduction of which gives

nonane.®^

Reactions of dehydrohalogenation have been advantageously

employed for the preparation of acetylenic hydrocarbons from the

corresponding olefins. For example, 1-dodecyne has been syn-

thesized from 1-dodecene by brominating the latter in carbon

disulfide solution followed by autoclaving the resulting dibromide

with alcoholic potassium hydroxide for five hours at 150°.®® The
preparation of 1-tetradecyne, 1-hexadecyne, and 1-octadecyne

was accomplished by a similar procedure.®®*®® Hill and Tyson ®^

have studied the preparation of 1-heptyne by the dehydrochlorina-

tion of 1,1-dichloroheptane over soda-lime, and have reported

that, owing to molecular rearrangement occasioned by the high

temperatures involved, very small yields of the acetylene are ob-

tained. It was observed that when alkaline solutions are em-

ployed, the dehydrochlorination is incomplete below 360°, and

above 420° extensive rearrangement is encountered. Yields of

approximately 30% result at the lower temperature. Very small

yields, on the order of 2%, are obtained by the dehydrohalogena-

tion of this compound in the presence of aluminum silicate at

470°.

The foregoing procedures constitute the main reactions which

have been employed for the preparation of higher hydrocarbons

from fatty acids or their simple derivatives. There are, however,

several additional methods which have been investigated and are

worthy of mention.
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The pyrolysiB of esters of hi^^er alcohols and higher aliphatic

adds yields a mixture of fatty adds and olefins. This reaction was
initially proposed by Smith, who observed that the decomposition

of hexadecyl palmitate yields hexadecene and palmitic add, the

reaction proceeding as follows:

Ci6H3802CCibHsi C1BH81CO2H + CieHaa

Ejafft ” employed this reaction for the preparation of dodecene,

tetradecene, hexadecene, and octadecene, and showed that it is of

general application for the preparation of the higher olefins. The
pyrolysis is generally accomplished by distilling the esters under

sli^tly reduced pressures (300-400 mm.).^“ The application of

this method to the preparation of the higher olefins has been de-

scribed by Pummerer and Kranz,^®^ who obtained from the distilla-

tion of myricyl palmitate a product which was probably a mixture

of triacontene and dotriacontene. High molecular weight hydro-

carbons may be prepared by decarboxylation of higher alkyl-

substituted malonic acids, several of the higher saturated hydro-

carbons having been synthesized by this procedure.

An interesting synthesis of higher olefins has recently been

accomplished by Niemann and Wagner,^®* the procedure resulting

in the conversion of a 1-bromoalkane, RCH2Br, into a 1-aIkene of

the general formula RCH2CH==CH2 . The process consists of

converting the 1-bromoalkane into the a»-alkyl-j8-bromoethyl ethyl

ether, the treatment of which with zinc and 1-butanol results in a

simultaneous removal of the ethoxy group and the bromine atom,^®*

yielding an olefin. The s3mthesis of 1-hexadecene from 1-bromo-

tetradecane is represented by the following series of equations:

Ci4H29Br + Mg —> Ci4H29MgBr

Ci4H29MgBr + CH2BrCHBrOC2H6 CH2BrCH(Ci4H29)OC2H6 + MgBr2

CH2BrOH(Ci4H29)OC2H5 + Zn Ci4H29CH==CH2 H- Zii(OC2H6)Br

This method is adaptable to the synthesis of many of the higher

olefins. Its use for this purpose has been studied in detail by Boord
and coworkers,^®®*^®®»“^»^®* who applied it and closely allied pro-

cedures to the synthesis of pentenes, heptenes, and other unsatu-

rated hydrocarbons.

The higher molecular weight olefins may be prepared by pyroly-

sis of salts of the hi^er aliphatic secondary amines, the method
having been described in the patent literature.^®®
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In the preparation of olefins by any of the procedures described

in this chapter, it should be borne in mind that migration of the

ethylenic bond is frequently encoimtered and that the resulting

product is often a mixture of two or more isomeric olefins. Failure

to realize this point has frequently resulted in erroneous assump-

tions with reference to the homogeneity of the final products.

Physiisal Properties of the Aliphatic Hydrocarbons

The melting and boiling points of the higher saturated hydro-

carbons are substantially lower than those of the fattjr acids and
other fatty derivatives of similar carbon content. In 1941,

Deanesly and Carleton made a very critical study of the physical

constants which have been reported for the normal paraffinic

hydrocarbons from Cs to Cig inclusive, and, by a process of select-

ing certain reference points and smoothing the reported values,

established quite accurate values. The freezing and boiling

points, densities, and refractive indices of the saturated hydro-

carbons from Cs to Cig inclusive as reported by these authors are

shown in Table I.

TABLE I

Physical Constants of the Normal Paraffins

No. of C
Atoms

FP,«C.,at
760 mm.

B P ,°C., at

760 mm. nj}

5 -129.7 36.1 0 62633 1.35772

6 -95.3 68.7 0.65940 1.37503

7 -90.6 98.4 0 68370 1.38770

8 -56.8 125 6 0.70255 1.39752

9 -53.7 150.7 0.71757 1.40535

10 -29 7 174.0 0 72984 1.41174

11 -25.6 195 8 0.74006 1.41707

12 -9.60 216.2 0.74872 1.42158

13 -6 0 235 5 0.75616 1.42547

14 5 5 253.6 0.76263 1.42886

15 10.0 270 6 0.76832 1.43184

16 18. 145 =b 0.003 286.5 0 77336 1.43448

17 22.0 301.4 0.77785 1.43684

18 28.0 315 3 0.78188 1.43896

Although the higher hydrocarbons have not been so extensively

studied as their lower homologs, many of the physical constants *

* For a complete tabulation of the phyrical constants of hydrocarbons the

reader is referred to Doss, Physical Constants of the Prindpdl Hydrocarbons^

4th ed., The Texas Company, New York (1943).
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which have been reported for these comp>oun(ls are undoubtedly

reliable. The following are the melting and boiling points which

have been reported »8.»®,4i,4a,66»«8,m for the higher normal saturated

hydrocarbons: nonadecane, C19H40, 32°, — ;
eicosane, C20H42,

38°, bo 5 148°; beneicosane, C21H44, 40.3-40.5°, 62.6 172-172.5°;

docosane, C22H46, 47°, — ;
tricosane, C23H48, 47.25-47.4°, —

;

tetracosane, C24H50, 51°,—
;
hexacosane, C26H54, 59.60°, 60.4 199°;

heptacosane, C27H56, 69.5°, —
;
octacosane, C28H58, 64-05°, 61

1

224°; triacontane, C30H62, 68-70°, bi.o 235°; hentriacontane,

C31H64, 69°, — ; dotriacontane, C32H66, 70.16°, 61.5 245°; tetra-

triacontane, C34H70, 70-76.6°, 61.0 265°; hexatriacontane, C36H74,

78.5°, 61 0 265°; tetracontane, C40H82) 80.5-81°,—
;
pentacontane,

CsoHio2, 91.9-^2.3°, —
;
tetrapentacontane, C54H110, 95°, —

;

hexacontane, C60H122, 98.6-99°, —
;
dohexacontane, C62H126,

100.5°, —
;
heptacontane, C70H142, 10^105.5°, —

.

The polymorphic behavior of the normal saturated hydrocarbons

presents an interesting study, and although certain aspects of this

subject have been discussed previously, they can well bear repeti-

tion. The pol3rmorphism exhibited by the hydrocarbons is quite

similar to that observed for the ethyl esters of the saturated acids,

the relative stabilities of the poljnnorphic forms being dependent

upon chain length. The higher saturated hydrocarbons exist in at

least two polymorphic forms, one of which is stable only in the

vicinity of the melting points. The polymorphism of the hydro-

carbons was probably first recognized by Muller and Saville,®®

who observed that the long crystal spacings of the hydrocarbons

as shown by x-rays exhibit a constant increment of 1.3 A per

carbon atom. It was noted, however, that octadecane and eicosane

upon being held for any appreciable period of time exhibit two
long spacings, one of which disappears completely upon further

standing. Octadecane shows the two spacings 23.9 A and 25.9 A,

the latter of which relates to the transparent a-form and the former

to the opaque jS-form. Eicosane shows the two spacings 26.2 A
and 28.0 A. These observations indicate that these hydrocarbons

possess at least two forms, which are stable within certain tempera-

ture intervals.

For those hydrocarbons which contain more than eighteen

carbon atoms, the transparent ce-form is stable at the melting

points, and a plot of these melting points against the number of

carbon atoms is a straight line. The reversible transition a —
> jS

takes place several degrees below the melting point. The thermal
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properties of the polymorphic forms of several higher hydrocarbons

from docosane to tetratiiacontane, as determined by Gamer and
associates, are tabulated in Table XXVIII, Chapter V. The
heats of transition vary from 6.90 to 11.48 kg. cal./mole. Upon
cooling from the molten state, such hydrocarbons crystallize in

transparent, glasslike crystals (a-form) which rapidly change to

white, opaque solids (jS-form) upon further cooling. The relative

stabilities of the or and jS-forms of triacontane have been investi-

gated by Schoon,^^* who observed that the a-form is stable at

higher temperatures. Binary systems of such hydrocarbons have

been investigated by Piper and others ^ and were reported to yield

continuous series of solid solutions without maxima or minima.

For the even-carbon-membered hydrocarbons which contain eight-

een or less carbon atoms, the a-form melts lower than the jS-form.

Carey and Smith have determined the melting point of the

transparent form of octadecane to be 27.1°, and that of the opaque

form, 27.9-28.0°.

The transparent a-form possesses a vertical chain, and the

opaque jS-form of the even hydrocarbons possesses a tilted chain.

The odd hydrocarbons above undecane do not crystallize in forms

containing tilted chains. Upon cooling, such hydrocarbons first

crystallize in a vertical, rotating form which changes into a vertical,

non-rotating form upon further cooling.^^® The reverse change

occurs upon heating. Hexacosane and its higher even homologs

have been stated " to possess a third modification, the angle of tilt

of this form being greater than that of the i9-modification.

In a study of the binary system hexadecane-octadecane. Smith

observed that the addition of either homolog stabilizes the trans-

parent, metastable form of the other, so that such mixtures remain

metastable for appreciable periods of time. Near either end of

the concentration range, however, the transition is so rapid that

only the higher-melting form is obtainable, the melting point of

the metastable form being determined only by extrapolation. The
fact that at least 5% of a homolog is required to stabilize the meta-

stable forms of hexadecane and octadecane accounts for the ob-

servation of PhiUips and Mumford that there is no halt in the

pooling curves of these hydrocarbons from their freezing points to

— 10°. The system hexadecane-octadecane as determined by

Smith is shown in Fig. 1. Similar systems were obtained for

iexadecane-heptadecane and for heptadecane-octadecane.^^^
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The solubilities d saturated hydrocarbons in polar solvents

differ decidedly from those of polar compounds, since they are

practically immiscible with such solvents as methanol, ethanol,

nitromethane, and acetonitrile. Their solubility behaviors in

non-polar and slightly polar solvents, however, are qualitatively

wmilar to those of polar aliphatic compounds of corresponding

chain lengths. They form eutectics with benzene, cyclohexane.

tetrachloromethane, and chloroform, the compotitions and tem-

peratures of which are shown in Table II.

The solubilities of hexadecane,‘“ shown in Table III, may be

taken as representative of the solubility behavior of the higher

saturated hydrocarbons.

The presence of ethylenic bonds in the hydrocarbon chain is

attended by a lowering of the melting and boiling points, the degree

of the effect being dependent upon the length of the chain and the

position of the ethylenic bond or bonds. Contiderable disagree-

ment is to be found in the literature relative to the phyracal con-

stants of the ethylenic hydrocarbons. For example, the following

values have been reported for the boiling point of 1-hexene: 67.0®,“*

67.7-68.1®,“* 60.5-61.5®,“ and 63.35°.“* This is partiaUy occur

sioned by the fact that many of the reactions considered satisfac-
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TABLE II

ErrrBCTicB Fobmed by Hydrocabbons

Number of C Atoms

Solvent 8

Benzene

Wt. % solute 91.8

Temp,°C. -58.4
Cyclohexane

Wt. % solute 39.1

Temp ,®C. —71.6
Tetrachloromethane

Wt % solute 39 1

Temp ,®C. —66.3
Chloroform

Wt. % solute 25 3

Temp.,®C. -67.8

12 16 17 32

65.1 32 4 37.2

-17.9 -1.3 -1.9

28.5 17 6 17 5 0 5

-32 9 -12 5 -10.8 6.5

9 9 3 5 3 3

-34 2 -26.2 -25.6 ••

0 3

-63.6
• •

TABLE III

Solubilities of Hexadecanb *

Grams per 100 g Solvent

Solvent -30.0® -20.0® oOd1 0.0® ob o 15.0 ®

Benzene 360 1440

Cyclohexane . 430 1440

Tetrachloromethane 5 5 15.1 56 245 790

Chloroform 0 4 2 2 8.1 32.4 214 1020

Ethyl ether 1 .

4

5.4 16.3 64 302 1200

Ethyl acetate «0.1 3 0 50 840

Butyl acetate «0 2 1 6 9 9 138 1090

Acetone f <0.1 1 2 5.3 13 0
2-Butanone 0.3 2.6 17.6 830

2-Propanol <0 1 0 4 1 7 7.5 21.2

1-Butanol 0.3 1.2 4.1 16.7 «50

* 00 above 18 2® with solvents listed, except acetone,

t 00 above 35.8®.

tory for the synthesis of such compounds involve the possibility of

isomerization. Very reliable constants for many of the higher

1-alkenes have recently been reported,^^^®*^®* and the observed

values are shown in Table IV.

Ci»-9-octadecene, obtained from the bromoalkane derived from

oleic acid,®^ melts at —2° to 0®. The excellent work of Boord and
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TABLE IV

Physical Constants of 1-Alkenes

1-Alkene M.P..®C. bii df wd

1-Nonene -88.0 33.5 0.7296 1.4169

1-Decene -66.3 52 0.7396 1.4220

l-Undecene -49.5 74.8 0.7506 1.4270

1-Dodecene -33.6 89-89.5 0 7582 1.4308

l-Tridecene -22.2 104 0.7658 1.4340

1-Pentadecene -4 135 2 0.7769 1.4394

1-Hexadecene +4.0* 122-122.5 1 4410

1-Heptadecene 11 157 0.7854 1.4438

1-Octadecene 17.5 * 144^1468 1.4448

1-Nonadecene 21.7 177io 0.7858®®

1-Eicosene 28 5 ISllB 1.4440®®

1-Heneicosene 35.5 134o.o4 0.7985 1.4510

* Denotes freezing point.

associates has served to furnish reliable data for the

lower molecular weight 1-olefins and to enable a comparison of

these values with those of isomeric compounds. The influence of

unsaturation and isomerization upon the boiling points of the C5

hydrocarbons is illustrated by the following values: (hydrocarbon,

boiling point) CH3(CH2 )3CH3 ,
36.3°; CH3CH=CHCH2CH3 ,

36.4°; CH2=CHCH2CH2CH3, 30.2°; CH2=CHCH2CH=CH2 ,

29-30°; CH3CH2CH(CH3)2, 27.96°; CH2=CHCH(CH3)2, 20.5-

20.7°. The following values have been reported for the boiling

points of the Ce hydrocarbons: CH3(CH2)4CH3 ,
68.95°; CH3

-

CH=CHCH2CH2CH3, 68.0-68.2°; CH2=CHCH2CH2CH2CH3,
63.35°; and CH2==CHCH2CH2CH=CH2 ,

69.57°. The influence

of the position of the ethylenic bond is further illustrated by the

physical constants of the following isomeric heptenes: (hydro-

carbon, b.p., df, n^) CH2=CH(CH2)4CH3 ,
94.9°, 0.6993, 1.3999;

CH3CH=CH(CH2)3CH3 ,
98.1-98.4°, 0.7034, 1.4041; and CH3

-

CH2CH==CH(CH2)2CH3 ,
95.8-96.1°, 0.7043, 1.4090. Thermal

data for a number of the saturated and unsaturated aliphatic

hydrocarbons have been reported by Parks, Huffman, and
Thomas.

Only a few reliable constants are available for the higher alkyl

aryl hydrocarbons. A few years ago Mikeska and others pre-

pared some representatives of this type of compound, the list

including octadecylbenzene, m.p. 33°; octadecylcyclohexane, m.p.
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40®; docosylcyclohexane, m.p. 49-60®; octadecylbiphenyl, m.p.

79-81®; docofifylbiphenyl, m.p. 82-84.6®; octadecyldecahydro-

naphthalene, m.p. 43-47®; docosylnaphthalene, m.p. 66-68®; and
doco^ldecabydronaphthalene, m.p. 63-64®. Octadecylbenzene

had previoudy been Efynthedzed by Krafft,*® who reported m.p.

36® and bi5 249®. He also observed hexadecylbenzene to melt at

27®, and boil at 230® at 16 mm, A series of isomeric phenyl-

dodecanes has recently been prepared by Schmidt and Grosser,

who have reported the following physical constants of these com-

pounds: 2-phenyldodecane, fti.g 143®, no 1.4849, 0.8488; 3-

phenyl-, bo.s 127®, 1.4829, 4° 0.8466; 4.phenyl., bo 6 140-142®,

nf? 1.4860, df 0.8489; 6-phenyl-, bo.4 113®, 1.4860, 4° 0.8486;

6-phenyl-, 5o.4 108®, nf? 1.4862, df^ 0.8477. These authors have also

prepared^* 1,10-diphenyldecane, bo.03 169-170®, m.p. 17.6®, Wd
1.6282, 4° 0.9232; 1,10-dicyclohexyldecane, bo.s 168®, m.p. ^.6-
34.6®, nD 1.4724, 0.8462; and 1,18-diphenyloctadecane, m.p.

93®.

The chemical reactions of the higher hydrocarbons constitute so

broad a subject that its treatment is far beyond the limitations of

this present writing. Their oxidation to fatty acids,^®’^“®'^®® for

example, is a subject with which all chemists are generally familiar.

The sulfonation of higher unsaturated hydrocarbons, derived from

fatty acids, for the preparation of wetting agents has been de-

scribed in the patent literature.^»“*

THE METALLIC SOAPS OF THE FATTY ACIDS

The general properties of the alkali metal soaps and possibly of

the ammonium soaps are familiar to all chemists, and their prepa-

ration, properties, and uses are extensively treated in the chemical

literature. The alkaline earth and heavy metal soaps of the higher

fatty adds, on the other hand, are not so widely known, and it is

the chief purpose of this writing to compile certain of the existing

information relative to this latter type of derivative. Before con-

sidering the alkaline earth and heavy metal soaps, however, a

brief discussion of the structure and general properties of the more
common alkali metal and ammonium soaps appears to be in order.

The alkali metal soaps may be obtained either by saponification

of glycerides or other esters or by neutralization of the fatty acids

themselves with alkali hydroxides, carbonates, or other salts. The
ammonium soaps are generally prepared by neutralization of the
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fatty acids with ammonia or ammonium hydroxide, either in

aqueous solution or in organic solvents. Certain phases of the

saponification process for the preparation of sodium or potassium

soaps are discussed elsewhere in this book, and it suffices to say

here that such processes constitute a major industry, the many
aspects of which comprise a large subject in themselves.

The sodium and potassium soaps may exist as the normal salts,

RCO2M, or as the acid salts, RC02M-RC02H. These two series

of soaps possess markedly different solubilities in water and organic

solvents and are characterized by differences in their crystal spac-

ings and other physical properties. The normal soaps result from

the usual saponification processes, or from the complete neutraliza-

tion of the fatty acids with alkali hydroxides, carbonates, or allied

compounds. The acid soaps, on the other hand, result from partial

hydrolysis of the normal soaps or partial neutralization of the fatty

acids in alcoholic solution. Since the fatty acids are monobasic,

true acid soaps cannot theoretically exist, the term actually refer-

ring to an equimolar compound of neutral soap and free acid. In

1929, Ekwall and Mylius suggested the existence of acid soaps

containing other than equimolar ratios of the salts and acid and
claimed the isolation not only of equimolar compounds but also of

compounds such as 2 sodixim palmitate- 1 palmitic acid or 1 sodium

palmitate-2 palmitic acid. The next year, Malkin investigated

the acid potassium and sodium salts of a number of the higher fatty

acids and showed that only the neutral soaps and equimolar com-
pounds are true chemical individuals. The non-equimolar com-
positions previously described were shown to be mixtures of the

acid soaps with either the neutral soaps or the acids. An x-ray

examination of both normal and acid potassium soaps of the

acids from formic to tetracosanoic acid inclusive showed that both

types of soap exist in double molecules with the polar groups in

contact, the long crystal spacing thus relating to twice the length

of a single molecule. Plots of the long spacings of both neutral

and acid soaps against the number of carbon atoms lie on straight

lines, the spacings of the acid soaps being substantially greater

than those of the neutral. Some of the values observed for the

long crystal spacings of the normal and acid soaps are as follows:

K laurate, 30.2 A; acid K laurate, 35.53 A; K myristate, 33.95 A;
acid K myristate, 40.45 A; K palmitate, 37.9 A; acid K palmitate,

45.29 A;K stearate, 42 A; acidK stearate, 50.47 A. The values for

the normal soaps correspond to a chain inclined at 54^54^, whereas

those for the acid soaps approximate a vertical chain.
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The acid potassium salts of a number of saturated acids have

been synthesized by Levi/^ who has studied their conversion to

normal soaps, and also the relative solubilities of the two types

in ethanol. Acid K butyrate, m.p. 85-140°, acid K valerate, m.p.

65-120°, and acid K caprylate, m.p. 80-140°, are transformed into

neutral soaps and free acids upon adding ether to their alcoholic

solutions. The acid soaps of the higher acids are not changed by
this treatment, acid K undecanoate being transformed in boiling

benzene into the free acid and the neutral salt, the acid salt again

being formed upon cooling the solution. Acid K laurate, m.p.

80-150°, acid K myristate, m.p. 95-160°, acid K palmitate, m.p.

100-160°, and acid K stearate, m.p. 100-160°, are less soluble in

99.8% ethanol than the corresponding neutral soaps, the solubili-

ties of the acid and neutral potassium soaps of stearic add at

13.5°, for example, being 0.113 and 0.1896 g. per 100 g., respec-

tively, in this solvent. The solubility in ethanol of acid potassium

oleate, originally prepared by McBain and Stewart,^** is greater

(6.5% at 13.5°) than that of the neutral salt (4.313% at 13.5°).

Neutral soaps of the higher acids can form mixed acid salts with

acids of different chain length. Such mixed acid salts can be

separated from the neutral salts by fractional crystallization from

ethanol.

Upon heating, the higher fatty acid soaps of the alkali metals

apparently go through a number of characteristic transitions before

becoming isotropic liquids. Such a phenomenon is occasioned

by the fact that the hydrocarbon portion of the molecule, owing to

oscillation energy, easily assumes the liquid state, with a conse-

quent disruption of the crystal lattice. Complete melting is only

accomplished when the alkali metal ion enters the liquid-ciystaUine

or the liquid state. As a consequence, such a compound exhibits a

series of transitions before the true melting point is reached.^*® The
extreme difficulties encountered in obtaining completely anhydrous

alkali metal soaps raise the question as to whether some of the

values which have been observed for these transitions actually'

characterize the behavior of anhydrous soaps. To the writer's

knowledge, none of the directions described for the preparation of

anhydrous alkali metal soaps of the higher fatty acids is completely

reliable. A study of the thermal behavior of the soaps is also

rendered quite difficult owing to the high temperatures involved.

The alkali soaps of the fatty acids are wate^ soluble, the solu-

bility decreasing rapidly with increasing length of the hydrocarbon

chain. Aqueous solutions of the higher soaps, beyond a certain
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critical concentration, consist essentially of associated ions and

associated molecules, the presence of which is responsible for the

characteristic behavior of such solutions. The many studies which

have been made upon the osmotic, electrical, and other properties

of aqueous soap solutions form much of the basis of our present-day

knowledge of colloidal electrolytes. The reader is referred to the

many original contributions of McBain, Hartley, and others upon

various aspects of this subject.^”

The ammonium soaps of the fatty adds are represented by both

neutral salts, RCO2NH4 ,
and the acid salts, RC02NH4-RC02H,

the latter of which are the more stable. The neutral ammonium
soaps readily lose ammonia upon exposure to the air, being con-

verted to the add soaps which are only decomposed at higher tem-

peratures. Because of the relative instabilities of the neutral salts,

many of the constants reported for these compoimds undoubtedly

refer to mixtures of neutral salts, acid salts, and free acids.

Although the ammonium soaps of the higher fatty acids had
been known for many years, the first complete description of their

preparation and general properties was published in 1910 by
Faldola,^*’^ who prepared many ammonium soaps of both saturated

and unsaturated acids by treatment of alcoholic solutions of the

acids with concentrated aqueous ammonia. The great differences

between the solubilities of the ammonium soaps of saturated and
unsaturated acids led to the suggestion that they be employed for

the separation of oleic acid from a mixture of oleic, palmitic, and
stearic acids. These salts were described as melting over a very

appreciable temperature range with considerable decomposition.

Currie has obtained a number of the neutral ammonium salts of

the higher fatty acids by passing dry ammonia into a benzene

solution of the acids, and somewhat later McMaster and Magill

prepared the neutral salts by the action of dry ammonia on ether

solutions of the adds. Ammonium myristate was described as

readily soluble in ethanol, methanol, and acetic acid, and insoluble

in ether, benzene, acetone, and chloroform. It is stable in diy air

at ordinary temperatures, but decomposes at 60°. In 1939, Kench
and Malkin published the results of their investigation of both

neutral and add ammonium soaps of the fatty adds from heptanoic

to stearic add inclusive. It was found that the neutral salts result

from ihe action of ammonia on alcoholic solutions of the acids,

but that the add salts are formed when ether solutions are treated

with dry ammonia. The salts obtained from ethanol showed two
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spaciiigB upon x-ray examination, the shorter relating to the

neutral salt and the longer to the acid salt. In both neutral and

acid salts the spacings correspond to double molecules, the neutral

salts being inclined at an angle of 45^40^ to the reflecting planes

whereas the acid salts possess vertical chains. The melting points

of the acid ammonium soaps, when plotted against the number
of carbon atoms in the acid, form a continuous curve, distinguish-

ing them from the neutral salts for which widely varying and dis-

cordant values have been reported. Table V shows the melting

TABLE V

Melting Points of Acm Ammonium Salts of the Fattt Acids

C Atoms in

Acid Melting Point, ®C.

C Atoms in

Acid Melting Point,^C.

7 45 14 84

8 54
1
15 86

10 68 16 89

11 72 17 91

12 77 18 93

13 81

points of the acid ammonium salts as reported by Kench and

Malkin.^"

The melting points which have been reported for the neutral

ammonium soaps are undoubtedly much in error, since the true

values are probably higher than those of the corresponding acid

saltl^. When heated in a sealed capillary tube to avoid decomposi-

tion, ammonium laurate was observed to melt at 130°, a value

much higher than any of those previously reported for this com-

pound.

The lithium salts of the higher acids are sparingly soluble in

water and somewhat more soluble in ethanol. The solubilities in

both solvents decrease rapidly with increase in molecular weight

of the acids.^^^ Jacobson and Holmes have prepared the lithium

salts of lauric, myristic, palmitic, and stearic acids by adding the

calculated amount of lithium acetate to ethanol solutions of the

respective fatty acids and have determined the solubilities of these

soaps in a number of solvents. The following melting points were

reported for the lithium salts: laurate, 229.2-229.8°; myristate,

223.6-224.2°; palmitate, 224-225°; stearate, 220.5-221.5°. The
solubilities of the lithium salts in water in grams per 100 g. at 25°
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are as follows: laurate, 0.187; myristate, 0.036; palmitate, 0.015;

stearate, 0.01. These salts are moderately soluble in methanol,

less soluble in ethanol, and very slightly soluble in ether, 1-pen-

tanol, chloroform, pentyl acetate, methyl acetate, and acetone.

The alkaline earth salts of the fatty acids may be prepared by
saponification of glycerides or other esters with alkaline earth

oxides or hydroxides, or by double decomposition reactions be-

tween the soluble alkali soaps and the alkaline earth salts. Both

calcium and magnesium soaps of the higher acids possess very

limited solubilities in water, and their formation is immediately

observable when the soluble alkali soaps are added to the so-called

hard waters. The calcium soaps of the higher acids are exten-

sively used commercially, their biggest use being as emulsifying

agents in the manufacture of solid lubricants and other greases.

Certain magnesium soaps, particularly magnesium oleate, have

been rather generally used in dry-cleaning compositions, in which

they increase the electrical conductivity of the solvent and thus

prevent the accumulation of static charges.

The calcium soaps are somewhat soluble in organic solvents,

but their solubilities are greatly reduced by traces of water.

Anhydrous calcium oleate is appreciably soluble in benzene.^^

The calcium soaps sinter before melting and melt with considerable

decomposition, calcium palmitate and calcium stearate having been

reported to melt at 153-156° and 150-154°, respectively. When
heated to higher temperatures, such salts yield ketones and hydro-

carbons, the decomposition of calcium soaps having been sug-

gested as one of the processes involved in the formation of petro-

leum.24

Many uses have been suggested for the calcium soaps of the

higher acids. Among these may be mentioned their use in the

waterproofing of paper, and their incorporation in waxes,^^®

varnishes,^" paints,^®® and cleansing compositions.^®^

The magnesium salts are very similar in their chemical and
physical properties to those of calcium. Magnesium laurate, myris-

tate, palmitate, and stearate have been obtained by adding a slight

excess of magnesium acetate to warm ethanol solutions of the

respective acids. The magnesium salts possess somewhat lower

melting points than the corresponding calcium salts, the following

values having been reported : magnesium laurate, 150.4°
;
myristate,

131.6°; palmitate, 121-122°; and stearate, 132°.
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Like the caldum salts, the magnesium salts possess veiy limited

solubilities in water and organic solvents. They are more soluble

in methanol than in water and are practically insoluble in ether

and the higher alcohols at low temperatures. Unsaturation is

attended by a slight increase in solubility in all solvents.^*® The
solubilities of magnesium salts are comparable to, but generally

somewhat higher than, those of the corresponding calcium salts.^^®

The presence of salts such as sodium chloride materially increases

the water solubilities of both calcium and magnesium soaps of the

higher acids.^^ The emulsifying action of magnesium oleate on a

mixture of benzene and water has been studied, those emulsions

contaming more than 70% of water being water continuous. Gels

formed from magnesium oleate and alcohol together with com-

bustible materials have been suggested for use as solid fuels.^“

The use of magnesium soaps in various coating compositions has

been proposed.^®^ Several bromine derivatives of calcium and

magnesium soaps, such as calcium mono- and dibromobehenate

and magnesium monobromobehenate, have been investigated as

therapeutic agents.^®*

The barium soaps of the higher aliphatic acids may be obtained

by adding an ethanol solution of barium hydroxide to ethanol

solutions of the acids.^^® Their solubilities in water are comparable

to those of the corresponding calcium and magnesium soaps. The
barium soaps are practically insoluble in methanol, ethanol, ether,

acetone, and other organic solvents. Barium oleate has been de-

scribed as a white, amorphous powder which is insoluble in water

and slightly soluble in hot benzene.^®® The barium salts of chlorin-

ated acids are appreciably soluble in ether and may be separated

from those of the saturated acids by the use of this solvent.^®®

The strontium soaps generally resemble the barium soaps, those

of the brominated acids being appreciably soluble in organic

solvents.“^ The strontium soaps have been suggested as in-

gredients of pyrotechnic compositions.^*®

Very little is known concerning the beryllium soaps of the higher

aliphatic acids. Lacombe has prepared the beryllium soaps of

several of the lower acids. The structure of the beryllium soaps

of the higher acids has not been determined.

Aluminum salts of the fatty acids are best prepared by treating

ammonium soaps with soluble aluminum salts. A number of

patents have been issued covering various methods of preparing
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aluminum salts of the hi^er adds, induding processes such as

heating solutions of the fatty adds in organic solvents with alumi-

num alkoxides,^®* or with aluminum hydroxide in the presence of

alkaline catalysts.^^ A so-called pseudo aluminum stearate has

been stated to result by the action of aluminum hydroxide on

stearic acid. The preparation of alumimun oleate by the action

of aluminum hydroxide on ammonium oleate has been described

in detail.^*^ The aluminum soaps are generally obtained as jelly-

like masses which are extremely difficult to purify. They are

slightly soluble in water and moderately soluble in organic solvents.

Solutions of aluminum soaps in organic solvents possess quite high

viscosities and frequently set to stable gels. Because of this

property the aluminum soaps are often used as thickeners for oils

and as components of various solid lubricating compositions. A
rather recent patent i®* discloses the addition of both aluminum

and magnesium oleates to a lubricating oil for the preparation of a

solid lubricant. Aluminum soaps are frequently used as water-

proofing agents and for treating textiles.^®® Many other uses have

been suggested for the aluminum soaps, a few of which are: as an

ingredient of stencil paper,^^® as a soundproofer in wall board,^^^

as a wire-drawing lubricant,^’® and as a dewaxing agent for lubri-

cating oils.^^*

Although the thallium soaps of the fatty acids are not of com-

mercial importance, the great solubility differences which exist

between the thallium salts of saturated and unsaturated acids,

and also their mesomorphic behavior on melting, make them one

of the most interesting series of fatty acid soaps. Meigen and

Neuberger^^^ have claimed a practically quantitative separation

of stearic from oleic acid by utilization of the difference in solu-

bility of their thallium salts in 96% ethanol.

Thallium salts of the higher acids have been prepared by the

neutralization of their ethanol solutions with an N/10 aqueous

solution of thallium hydroxide, using phenolphthalein as the

indicator, followed by crystallization from or washing with 96%
ethanol. Thallous stearate, m.p. 119°, thallous palmitate, m.p.

115-117°, and thallous oleate, m.p. 83°, have been prepared by
this method.^^® These salts were described as white powders which

crystallize from ethanol in small needles. They possess limited

solubilities in water, the oleate being the most soluble and the

stearate the least. In 96% ethanol, however, the solubility of the
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<deate is miuay times that of the stearate or pahnitate, as diovm
in Fig. 2.

Thallous laurate, m.p. 125-126°, and thallous myristate, m.p.

120-123°, were subsequently prepared by Holde and Takehara,*”

by the procedure employed W the higher members. Thallous

0 3 « B 12

WBight % Tholbum Salt

Fig. 2. Solubilities of thallium soaps in 96% ethanoL

valerate, m.p. 145-147°, has been stated to be very soluble in

water, ethanol, and hot benzene, and sparingly soluble in ether.

A procedure for the separation of saturated from unsaturated

adds by means of thdr thallous salts has been described by Holde

and coworkers, who have reported the following sdubilities for

thallous oleate: 2.254 g. in 100 g. 96% ethanol at 15°; 0.924 g.

in 100 g. 50% ethanol at 15°; 0.0461 g. in 100 g. water at 15°; and

0.3034 g. in 100 g. water at 80°. The solubilities of thallous laurate,

myristate, pahnitate, and stearate in ether have been reported,^”
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and it was observed that the solubility of thallous palmitate repre-

sents a minimum for the series in this solvent.

The thallium salts of the lower acids formic, acetic, and propionic

sinter below their melting points and melt to clear isotropic liquids.

It was reported, however, by Holde and others that the thallous

salts of the higher acids do not melt to clear liquids but yield turbid,

viscous liquids which finally become clear many degrees above the

melting point of the solid phase. Such a phenomenon suggests that

these salts go through one or more mesomorphic phases before

becoming isotropic liquids, and, in 1926, Walter published the

results of a very complete study of the thermal behavior of these

salts. On heating, the solid phase melts at a definite temperature,

yielding a liquid-crystalline phase which is stable over an appre-

ciable temperature range and which forms an isotropic liquid at a

reproducible temperature. On cooling, the change from isotropic

liquid to liquid-crystalline form manifests itself by a slight change

in volume, the solid phase appearing at the melting point without

appreciable supercooling. The melting points of the solid phase

rise steeply to a maximum at thallous propionate, whereas the

transition liquid-crystalline to isotropic liquid shows a maximum
at thallous heptanoate and then falls rather abruptly. These two

curves are quite similar in shape. The temperatures of the dis-

appearance of the solid phase and those of the transition liquid-

crystalline to isotropic liquid, as determined by Walter for the

thallous salts up to and including thallous stearate, are shown in

Fig. 3.

Thallous salts of the unsaturated acids such as oleic or elaidic

acid show lower temperatures for the disappearance of the solid

phase and for the transition liquid-crystalline to isotropic liquid,

the range over which the liquid-crystalline phase is stable being

approximately the same as that for the saturated soaps.

This behavior of the thallous salts on heating probably finds its

counterpart in many of the soaps of the higher acids, as indicated

by more recent work on the soaps of the alkali metals.^®^'^®**^*®’^®^

The thallous soaps, because of their stabilities and relatively low

melting points, offer an excellent opportunity for the study of this

phenomenon.

Many of the heavy metal soaps of the fatty acids have been

important industrial chemicals for generations, and it is unfortu-

nate that more is not known concerning the physical and chemical

/properties of this interesting class of chemical compoimds. The
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industrial uses to which the heavy metal soaps have been adapted

are many and varied. The manganese, lead, and cobalt soaps of

the higher unsaturated acids have long been employed as drying

agents in paints; those of copper and mercury are extensively used

as algicides in marine paints; copper, mercury, and other soaps

are employed as ingredients in various fungicidal sprays;

mercury soaps are used in salves and ointments; and those of

zinc have long been employed as dusting and drying powders.^®

Many of the heavy metal soaps are used for treating leather and
various fabrics. They have been employed as mordants for dyes,

and as coloring agents in varnishes and other coatings and in the

paper and rubber industries. Mercuric stearate has been proposed

as a bactericide for paper money and other surfaces.^® Salts such

as zinc undecanoate have been suggested as ingredients of cosmetics

and allied substances. The soaps of catalytic metals such as

nickel have been proposed as hydrogenating catalysts.^®*

Considerable interest has been evidenced within recent years in

the addition of heavy metal soaps to lubricants; lead oleate

chromium oleate/®^ nickel and chromium oleates,^®* mixtures of
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nickel and magnesium soaps, and mixtures of chrcmiium oleate,

tin oleate, and lead compoimds ^ having been suggested for this

purpose. Several of the metallic soaps, particularly the lead soaps,

are used extensively in the analytical separation of mixtures of the

fatty acids.

Most of the heavy metal soaps possess limited solubilities in

water; on the other hand, they are appreciably soluble in organic

solvents. The soaps of the alkali metals stabilize oil-in-water

emulsions, and many of the heavy metal soaps stabilize water-in-

oil emulsions. Hildebrand and others have stated that the

ability of a soap to emulsify water in oil or oil in water depends

upon the size of the metallic ion as compared to the cross section

of the hydrocarbon chain or chains. In the emulsification of

organic liquids with water in the presence of metallic stearates or

oleates, the transition from a stable oil-in-water emulsion to a

stable water-in-oil emulsion follows the order cesium, potassium,

sodium, calcium, silver, magnesium, zinc, aluminum, iron. It was

postulated that the emulsifying properties are dependent upon the

curvature of the adsorbed film towards the water or the oil phase.

Thus, the salts of the divalent metals have much less ability to

emulsify oil in water than water in oil.^ Soaps of the trivalent

metals are quite effective in stabilizing water-in-oil emulsions.^®

Stamm and Kraemer^ have stated that the function of an emulsi-

fying agent is simply to prevent coagulation of the previously

dispersed liquid particles, a function which is dependent upon the

formation of a film at the interface. They doubt that the geomet-

rical shape or size of the emulsif3dng agent is determinative as

regards this function. Adsorbed films at such interfaces are prob-

ably monomolecular.^®*^

The heavy metal soaps of the fatty acids are generally prepared

by one of two procedures. Either the free acid dissolved in an

organic solvent is treated with a solution of a metallic salt,^^ or an

aqueous solution of an alkali metal soap is treated with an aqueous

solution of a heavy metal salt.^*“®'209 latter procedure a
small amount of ethanol is generally added to the reaction mixture

in order to retain the alkali metal soap in solution. Because of the

insolubility of most of the heavy metal soaps in water, the latter

method is generally employed, although certain of the heavy metal

soaps are frequently very difficult to purify and rfiow a tendency

to occlude the more soluble alkali soaps. The heavy metal soaps

are generally amorphous solids which can be obtained in crystalline
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fonn from the appropriate solvent. The preparation and chemical

and physical behavior of some of the more important heavy metal

soaps are briefly discussed in the following.

The lead salts of the fatty acids are white, amorphous powders

which mdt without appreciable decomposition. They have been

prepared by addition of an ethanol solution of lead acetate to

ethanol solutions of the acids, or by addition of aqueous solutions

of lead salts to aqueous solutions of the alkali metal soaps.”* The
melting points which have been reported for the lead

salts of many of the higher fatty adds are shown in Table VI.

TABLE VI

Mi!i;TiNa Points or Lead Soaps

Acid Melting Point, **0.

Caproic 95

Enanthic 85

Caprylic 100

Pelargonic 9&-100

Uadecanoic 90-92

Launc 104.6-104.8

Mynstic 108.6-108.8

Palmitic 112.2-112.4

Steanc 115.6-115.8

Oleic «50
Hydnocarpic 77-78

Ghaulmoognc 83

The lead soaps of the higher saturated adds possess limited solu-

bilities in water and organic solvents. The fact that these soaps

are practically insoluble in ether and petroleum ether, whereas

those of the unsaturated adds are quite soluble in these solvents,

has long been used as the bads for the analytical separation of

saturated from unsaturated adds.***

The diver salts of the fatty acids have been obtained by addition

of an ammoniacal solution of silver nitrate to alcoholic solutions

of the adds ******* or by addition of silver nitrate to aqueous solu-

tions of the alkali soaps.*** They have been described as white,

fluffy powders which melt with condderable decompodtion above

200°. The following melting points have been reported: *** silver

laurate, 212-213°; myristate, 211°; palmitate, 209°; and stearate,

209°. The silver salts are very slightly soluble in water, ethanol,

methanol, and ether. They yield reverdble gels in toluene or
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xylene and in various chlorinated solvents.*^^ Silver oleate gives

a gel with benzene, but the silver salts of the saturated acids do

not yield gels with this solvent.

The cadmium salts of the lower fatty acids butjrric to caproic

acid inclusive, are readily soluble in water; those of the higher acids

are almost completely insoluble.^^^ Cadmium oleate has been

described*^® as a yellow, waxy solid which is soluble in most

organic solvents, with many of which it forms gels. Cadmium
stearate yields a clear solution with toluene which on cooling to

60° forms a white gel.^^^ This gel becomes crystalline upon further

cooling. The cadmium soaps of mixed acids form gels when dis-

solved in paraflSn oil.^^®

Several examples of mercurous and mercuric soaps have been

described,^* the latter being the better known. Mercuric soaps of

the higher saturated acids are white powders which melt sharply

without decomposition. The following melting points have been

reported for the mercuric soaps: ^ laurate, 100°; palmitate, 105°;

stearate, 112.2°. Mercuric oleate is a plastic solid which is un-

stable, yielding metallic mercury and oleic acid upon standing. It

is extremely difficult to purify owing to its tendency to hold water.

Mercuric enanthate,^^® m.p. 106.5°, is a white solid slightly soluble

in water and soluble in ethanol, methanol, ether, and chloroform.

Interest in the bismuth salts of the higher acids has largely

centered around their therapeutic use. Lauter, Jurist, and

Christiansen ^ have described the preparation of bismuth laurate,

myristate, palmitate, and oleate, and have determined their

toxicities by intramuscular injections into albino rats. Emulsions

of bismuth salts, suitable for injection, have been prepared by
dissolving the salts in volatile organic solvents, adding the solu-

tions to neutral oils, and evaporating the solvents.®®^ Assimilable

bismuth salts of mixed acids, such as bismuth oleate-salicylate,

have been synthesized.®®® Stable solutions of bismuth salts in

vegetable oils have been proposed as therapeutic agents.®®® Anti-

mony oleate, which is soluble in organic solvents, vegetable oils,

and similar solvents, has been prepared both by the action of

antimony oxide on oleic acid ®®^ and by double decomposition reac-

tions.®®®

Zinc stearate is by far the most important of the zinc salts of

the higher acids, being extensively used in medicine and the arts.

The ‘‘zinc stearate” of commerce is actually a mixture of the zinc

salts of palmitic and stearic acids and is prepared by the action
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of zinc oxide on a mixture of these acids. The zinc salts of the

higher saturated acids are white, fluffy powders with a talcUke

feel. They melt without decomposition and upon cooling form

translucent, glassy, brittle masses which are easily powdered.^

The following melting points have been reported for the zinc salts:

stearate, 130°; palmitate, 129°; laurate, 128°. Zinc oleate is>a

cream-colored, waxlike, amorphous mass, which melts at approxi-

mately 70°. It is soluble in benzene, and is apparently not asso-

ciated in this solvent.^®

Both the cuprous and the cupric salts of the fatty acids have

been described. The former have been prepared either by the

reduction of cupric soaps or by the action of alkali soaps on moist

cuprous chloride.^* The latter may easily be obtained by double

decomposition reactions. Cupric laurate is a light-blue powder,

m.p. 111-113°; the palmitate melts at 120° to yield a clear, blue

liquid; and the stearate melts at 125° to a blue liquid which sets

to a brittle, opaque mass on cooling. The oleate, m.p. about 100°,

is an amorphous, bluish mass which is soluble in ether and other

organic solvents. A solution of cupric oleate in xylene passes

through a number of color changes when heated.^^^

Several of the nickel and cobalt salts of the higher fatty acids

have been synthesized and described. Nickel oleate is a bluish

green oil which is appreciably soluble in water. The laurate,

palmitate, and stearate of nickel melt at 44°, 80°, and 100°, re-

spectively. The stearate undergoes some decomposition on melt-

ing. Cobalt palmitate and cobalt stearate melt at 70-75° and
73-75°, respectively.®"

The manganous, chromous, and chromic salts of oleic and stearic

acids have been described.2®8'228»229 Chromic oleate is very soluble

in benzene, and the heating of its solutions produces a series of

color changes which have been attributed to solvation effects.^®®

Chromium palmitate forms an elastic gel when heated in xylene.^®^

Ferric salts of unsaturated acids are very soluble in organic sol-

vents and offer a source of soluble iron compounds of medical

interest. Solutions of ferric oleate in cod liver oil have been stated

to possess therapeutic value,^®^ and the iron salts of iodo fatty acids

have been proposed as medicants.**® Both the ferrous and the

ferric salts of linolenic acid are extremely soluble in organic sol-

vents, solutions of the former being rapidly oxidized.**^ Dyer
has utilized the preferential solubilities of ferric salts in ether and

water as a means for the colorimetric identification of saturated
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fatty acids. Very few of the iron salts of the higher acids have

been obtained in a pure state. Klimont has described ferric

palmitate as an amorphous powder which melts at 182^.

A basic stannic stearate of the probableformula Sn(Ci7H35C02)4 *

Sn0(Ci7H36C02)2 has been described by Koenig^ as a yellowish

solid which melts at about 50^. This salt was prepared by the

addition of stannic chloride to a solution of cupric stearate in

benzene, cupric chloride being precipitated immediately and the

stannic soap being obtained by evaporation of the benzene. The
stannous and stannic soaps are very easily hydrolyzed.

Fatty acid soaps of titanium, zirconium, and thorium, and also

mixed metallic soaps containing these metals, have been described

in the patent literature.*®^

To the writer’s knowledge no pure silicon soaps of the fatty adds
have been prepared. So-called silicon carboxylates have been de-

scribed, the method of preparation being to heat a mixed silicic

anhydride, such as silicic-acetic anhydride, with a higher fatty

acid.*®* The addition of silicon tetrachloride to a benzene solution

of cupric stearate gives a precipitate of cupric chloride, the color-

less filtrate yielding a gelatin-like solid upon evaporation of the

solvent.*®^

Stoddart and Hill *®® have investigated the separation of the rare

earth metals from one another by the fractional precipitation of

their stearates, the method being based upon the differences which

exist in the basicity of the rare earths. When an alcoholic solution

of potassium stearate is added to a neutral solution of the rare

earth nitrates, the potassium ion of the soap removes the nitrate

ion from the most basic of the earths, thus leaving the earth metaJ

free to form an insoluble stearate. By adding only a portion of the

amount of potassium stearate required for complete precipitation,

an effective separation of certain of the rare earths can be accom-

plished by this procedure. Gadolinium and europium were also

separated from their ores, and the process was shown to be adapt-

able to the purification of the rare earths of the cerium group.

The solubility behaviors of the palmitates and stearates of cop-

per, chromium, cobalt, nickel, manganese, and tin in a large number
of organic solvents have been investigated by Koenig.*®^ Solutions

of such salts, particularly in non-polar solvents, set to gels upon
cooling, thus indicating a high degree of solvation. All these soaps

are very soluble in pyridine, with which they form crystalline addi-

tion products, the composition and melting points of which are
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shown in Table VII. These addition products undergo a number
of color changes upon heating.

TABLE VII

Addition Pboducts of MsTAiiLic Soaps with Pthidine

Addition Compound M.P.,‘’C.

Cu(Ci7H36C02)2 •C6H5N 87.0

Cu(Ci6H8iC02)2*C6H6N 86.6

Co(Ci7H36C02)2-2CbHbN 70.4

Co(Ci5H8iC02)2 •2CbHbN 64.0

Ni(Ci7H36C02)2-C5HBN 85.4

Solutions of the heavy metal soaps in organic solvents offer many
interesting problems which merit further investigation. Such solu-

tions can take part in many double decomposition reactions which

Kahlenberg ^ considered to be non-ionic reactions. However, a

subsequent study of the conductivity effects attending such

reactions has conclusively shown them to be ionic. Solutions of

the heavy metal soaps in paraffin oil readily form gels, the struc-

tures of which have been the subject of an extensive investigation.^

In spite of the fact that the heavy metal soaps of the fatty acids

have been known for years, it is clearly evident that our present

knowledge of their chemical and physical behavior is largely

empirical. This situation will undoubtedly be remedied by future

investigations.
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ADDENDUM

if one writes of ancient peoples or of events long past one can

complete the manuscript with a feeling of confidence. This satis-

faction is denied to those whose subject embraces current happen-

ings and changing concepts. This addendum has been motivated

by the many recent contributions to the subjects treated in the

foregoing chapters. The number and importance of these con-

tributions testify to the present active interest in the fatty adds
and their various derivatives. In writing this addendum the

author has endeavored to present the material in a sequence com-

parable with that previously employed, in the belief that the reader

is thus better enabled to integrate these later contributions with

those previously discussed. In several instances the work of co-

operating or contemporary investigators upon a specific subject

has been quite voluminous. Where this has occurred the author

has incorporated some of the earlier portions of this work into this

addendum.

The Saturated Acids

Our knowledge of the saturated fatty acids has been materially

advanced during the past several years by the synthesis and study

of a munber of branched-chain fatty acids. These acids may be

conveniently prepared by the Clemmensen reduction of branched-

chain keto esters followed by hydrolysis of the reduction product.

The synthesis of the intermediate keto esters by the reaction of

dialkylcadmiums with co-carbethoxyalkanoyl chlorides has been

investigated by Cason and associates,^ who have prepared the

following acids: 17-methyloctadecanoic, m.p. 67.3-67.8®; 16-meth-

yloctadecanoic, m.p. 49.9-50.6®; 15-methyloctadecanoic, m.p.

41.0-43.5®; 10-methyltetracosanoic, m.p. 50.5-51.5®; and 14-meth-

yltetracosanoic, m.p. 57.9-58.5®.

Attempts to identify the Cn acid resulting from the oxidation

of phthioic acid have led to the syntheses of the monomethyldec-
anoic acids, the reported boiling points of the adds and the
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melting points of their p-bromophenacyl esters being: 2-methyl-

decanoic, 64 136-137®, 66-67®; 3-methyl-, 612 156-167®, 3^-40®;

4-methyl-, 610 152-153®, 46-46®; 5-methyl-, 63 117-119®, 48-49®;

6-methyl-, 617 160-164®, 51-61.6®; 7-methyl-, bis 161-162®, 56®;

9-methyl-, 62 122-124®, 65-66.6®. Polgar and Robinson accom-

plished the synthesis of 3,13,19-trimethyltricosanoic acid, the prop-

erties of which correspond to those of phthioic acid. The proposed

structure of phthioic acid as ethyldecyldodecylacetic acid^ had
been previously shown ® to be incorrect by a comparison of the

synthetic with the natural acid. The value of the long crystal

spacing of barium phthioate, 35 A, is much lower than that of

the barium salt of the normal acid of comparable chain length,

which indicates that the former must correspond to a tilted chain.

Studies of the monolayers of methylated acids ^ show them to

occupy larger areas at the point of collapse than normal adds.

Such observations indicate a difference in crystal structure be-

tween the branched-chain and normal acids and support the recent

work on the structure of phthioic acid. Several high molecular

weight acids containing a methyl group in the 2- or 10-position

have been described by Schneider and Spielman,^ who reported

the following melting points for these acids and their corresponding

amides: 2-methylstearic, 64.5®, 104.5®; 2-methyleicosanoic, 61.5-

62.0®, 108®; 2-methyldocosanoic, 67.0-67.5®, 109-109.5®; 2-methyl-

tetracosanoic, 72.0-72.5®, 111.5®; 2-methylhexacosanoic, 75.5-

76.0®, 113.0®; 10-methyldocosanoic, 45.5-46.0®, 78-78.5®; 10-

methyltetracosanoic, 51.0®, 79-79.5®; 10-methylhexacosanoic, 54.0-

55.0®, 81-81.5®. 2,2-Dimethyllauric acid, m.p. 4®, and 2,2-di-

methylstearic acid, m.p. 42®, have been described by Birch and
Robinson.®

A comparison of the crystal spacings of tuberculostearamide and

d,H0-methylstearamide ® are consistent with the hypothesis that

tuberculostearic acid is optically active and support the previously

proposed structure, d- or HO-m^hylstearic acid. The branched-

chain fatty acids present in the lipides of tubercle bacilli have been

the subject of several recent investigations,^® and a levorotatory

acid termed mycocerosic acid, melting at 27-28® and corresponding

to the formula C30H60O2, has been isolated.

The Olefinic Acids

The literature on the occurrence, preparation, and synthesis of

the olefinic and polyolefinic acids has been enlarged by several
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recent noteworthy investigations. The high linoleic acid content

of com oil has been confirmed by Baur and Brown, who have

reported 56.3% of this acid present in a specimen of com oil.

Knight, Jordan, and Swem ^ have shown that the octadecadienoic

and octadecatrienoic acids present in beef tallow are as,cia-9,12-

linoleic and ci8,ct8,ci8-9,12,15-linolenic acids, respectively, and are

identical with those previously found in vegetable oils. The
presence of tetradecenoic and hexadecenoic acids and also of small

amoimts of arachidonic acid in human depot fats has been re-

ported.^® Studies of fat metabolism with the aid of deuterium

support the contention that the highly unsaturated acids are not

synthesized by the animal body but are derived from the diet.

Brown and coworkers have investigated the absorption spectra

of arachidonic acid and its alkali-isomerization product and have

stated that a study of the oxidation products of arachidonic acid

shows it to be 5,8,11,14-eicosatetraenoic acid. This stmcture has

been confirmed by Arcus and Smedley-Maclean.^*

Recent studies of the preparation of fatty acids from the

natural fats have indicated that fractional distillation followed by
low-temperature solvent crystallization is a satisfactory procedure

for preparing oleic acid from unsaturated fats. Selective hydro-

genation to remove polyolefinic acids, followed by removal of the

saturated acids by solvent crystallization and distillation of the

liquid fraction, has been proposed for the preparation of purified

oleic acid from animal fats. A method for the separation of erucic

acid from rape seed oil has been described,^® the reported yields

being 25-30%.

The list of known octadecenoic acids has been increased by the

syntheses of 16- and 17-octadecenoic acids,®® which melt at 62.8-

63.5° and 55-55.5°, respectively.

Miscellaneous Acids

Although nonane- and decane*a,a>-dicarboxylic acids have been

known for some time, no satisfactory procedure had been proposed

for their preparation. This situation has been unproved by the

work of Hall and Reid,®^ who have reported that high yields of

these acids can be obtained by the nitric acid oxidation of 12-

hydrox3rstearic acid, which is easily obtained by the catalytic

hydrogenation of ricinoleic acid. The attending monobasic acids

are separated by steam distillation and the dicarboxylic acids then

separated by distillation of their methyl esters. Houston ®® has
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prepared 4-ketopalinitic acid by the action of 3-carbomethoxypn>-

pionyl chloride and didodecylcadmium. Reduction of the keto

acid gives 4-palmitolactone, m.p. 40.7-41.3°, which can easily be

converted to 4-hydroxypalniitic acid, m.p. 79.0-79.6°. The hy-

droxy acid is slowly reconverted to the lactone at its melting point.

Recent interest in the surface active properties of organic acids

has necessitated the s3aithesis of various acids containing inter-

rupted chains. Examples of such acids are the co-alkylmercapto

acids of the general formula CH3(CH2)®S(CH2)yC02H, recently

synthesized by Rapoport, Smith, and Newman.^® Oxidation of

these a)-alkylmercapto acids with 30% hydrogen peroxide gives

the corresponding w-alkylsulfonyl acids in excellent yields. The
w-aurothio acids, AuS(CH2)xC02H, have been prepared ^ by the

action of gold salts upon w-carboxyalkylisothioureas. The sodium

salt of a>-aurothioundecanoic acid melts at 265-275° and yields a

turbid, soapy solution. 6-Aminocaproic acid has been prepared

in high yield by the ammonolysis under pressure of the correspond-

ing lactone.

Separation of the Fatty Acids

No studies are more vital to the entire field of the fatty acid

derivatives than those concerned with the separation of individual

fatty acids from their naturally occurring mixtures. It is for this

reason that contributions to this aspect of the subject assume an

added significance and should be followed with interest.

Chromatographic adsorption as a means for analysis and sepa-

ration of fatty acid mixtures is receiving considerable present atten-

tion. The value of this technique as an analytical tool is undeni-

able; its importance as a separation procedure can be evaluated

only by future experimentation. When one is faced with the

removal of a small amount of an impurity from a fatty acid or a
derivative this method should certainly be considered. In general,

the process consists in passing the mixture dissolved in a suitable

solvent through a column containing a solid adsorbent which is

insoluble in the solution. The method is based upon the principle

that an adsorbed substance can be replaced by a more strongly

adsorbed substance, so that, if a solution containing a plurality of

substances is passed through a column containing an adsorbent,

zones of varying concentration will result depending upon the

relative affinities of the components for the solid surfaces. Thus,

the more strongly adsorbed substances will concentrate at the top
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of the column, and the less strongly adsorbed will be displaced

downward.

The application of these principles to separation processes is

relatively old. Pioneer work upon this subject “ was done as

early as 1906 by the Russian botanist, M. Tswett, who showed

that plant pigments could be separated and purified by chromato-

graphic adsorption. Many years elapsed before Tswett 's work re-

ceived the attention which it merited. The possibilities inherent

in Tswett^s work were ably reviewed by Cassidy,^ and subsequent

events have evidenced an increased interest in this method. In

1940, Cassidy studied the adsorption isotherms of lauric, myris-

tic, palmitic, and stearic acids and observed that these acids differ

markedly in their adsorption behaviors toward carbons, aluminas,

magnesium oxide, activated clay, and silica gel. A study of the

adsorption of a mixture of lauric and stearic acids showed that

each exerts an effect upon the adsorbability of the other, so that

the ability to separate a mixture cannot be predicted solely by a

comparison of the adsorption isotherms of the pure components.

In the same year, Wilson developed a theory of chromatographic

analysis based on the assumption that the equilibrium between

solution and adsorbent is established instantaneously and that

diffusion effects are negligible. A subsequent study by Cassidy

and Wood in which they used a solution of lauric acid in petro-

leum ether with carbon as the adsorbent gave results in essential

agreement with this theory. Cassidy then showed that even

complex mixtures of fatty adds could be separated provided the

proper adsorbent was employed. Prior to this work, it had been

shown ^ that oleic acid can be separated from palmitic and stearic

adds by chromatographic adsorption, and incomplete separations

of palmitic add from stearic add had also been obtained.®® Kauf-
mann ^ employed alumina or silica gel as the adsorbent and ob-

tained comparatively satisfactory separations of both saturated

and unsaturated fatty add mixtures. Recent applications of

chromatographic adsorption techniques to fatty acid chemistry

include the separation of methyl linoleate from the methyl esters

of cottonseed oil adds by adsorption upon alumina,®® the separation

of stearic add from hydrogenated tall oil by the use of carbon,®®

and the separation of mixtures of oleic and stearic acids by means
of several commercially available adsorbents.®*^ The application

of a highly sensitive differential refractometer by which changes
in refractive indices can be accurately followed during adsorption

has been suggested by Tiselius.*®
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In connection with the general problem of the separation of

fatty acids, mention should be made of the work of Vilbrandt and

associates upon the separation of tall oil fatty acids from resin

acids by selective sulfonation. Burr and associates " have deter-

mined the heats of polymerization of unsaturated fatty acids and

have stated that acids containing up to three double bonds are

fairly resistant to the heat treatment involved in a vacuum frac-

tional distillation.

Physical Properties of the Fatty Acids

Studies of the ultraviolet absorption spectra of the saturated

fatty acids and of oleic, linoleic, linolenic, and arachidonic acids

have been extended to 2100 A by Burr and associates.^ Since

none of the unsaturated acids reaches a peak at 2100 A these

studies were later extended to the extreme ultraviolet and many
interesting observations noted.^ A comparison of the absorption

spectra of myristic acid dissolved in ethanol, isooctane, and heptane

shows that the polar solvent, ethanol, shifts the absorption maxi-

mum to a lower wave length and gives lower absolute values for

the extinction coefficients. All the saturated acids have a broad

band with the maximum at about 2050 A and an intense absorp-

tion between 1850 A and 1730 A. Unsaturation in the fatty acids

produces absorption similar to that of the unsaturated hydro-

carbons. Elaidinization of oleic acid shifts the absorption curve

toward the visible end of the spectrum. The available spectro-

scopic data on the fats, fatty acids, and their esters have recently

been compiled.^*

Striking differences have been noted ^ in the x-ray diffraction

patterns of the two polymorphic forms of oleic acid. The lower-

melting form, m.p. 13^, has a long spacing of 40.5 A and a side

spacing of 4.19 A, being somewhat similar to the B and C spacings

of stearic acid. The higher-melting form, m.p. 16°, has a long

spacing of 42.2 A and short spacings of 4.65 and 3.67 A, and differs

from the other long-chain monocarboxylic acids so far examined.

A recent study of monolayers of oxidized and heat-bodied

linseed oil shows that oxidation of the double bonds increases

the attraction of the hydrocarbon chain for the water, thus causing

the molecule to occupy a larger area, a limiting area being reached

with the addition of three oxygen atoms to the glyceride molecule.

Polymerization has little effect upon the force-area curves. A
comparison of the monolayers of dilauiyl maleate and dilauiyl

fumarate ^ shows that the cis isomer tends to form stable mono-
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layers of the expanded type, and the tram isomer less stable mono-

layers of the condensed type. The normal fatty acids apparently

are adsorbed upon nickel or platinum surfaces to form monolayers

similar to those formed upon a water surface.^'' Stearic acid dis-

solves in sulfuric acid to form solutions which yield bubble films

of great stability It has been estimated that such films can

attain a minimum thickness of two molecules before collapse.

Physico-chemical studies of the complexes formed between pro-

teins, starches, and allied compounds and the fatty acids have

attracted considerable interest. Starches adsorb palmitic acid

from its methanol solution,^ indicating that the fatty acids asso-

ciated with starch are probably adsorbed. It has been stated,®®

however, that the presence of fatty acids interferes with the forma-

tion of the amylose-iodine complex, and a more recent study ®^ has

shown that the fatty acids form molecular complexes with amylose.

Electrophoretic studies ®^ indicate that both native and heat-

denatured egg albumins form complexes with the alkylbenzene-

sulfonates, which can combine with a maximum of three times their

weight of reactive protein. Part of the sulfonate is reversibly

bound, since dissociation occurs during electrophoresis. When the

surface active agent is present in substantial amount the complexes

exhibit the electrophoretic behavior of completely denatured pro-

tein. Complex formation occurs on both the acid and the alkaline

sides of the isoelectric point.®® An electrophoretic study of the

system horse serum-sodium dodecyl sulfate ®^ indicates a stoichio-

metric combination of surface active ions with basic protein

groups. Free detergent is not present below a detergent-protein

ratio of 1:1. Experiments with the lower sodium alkyl sulfates

indicate a dependency of anion activity upon chain length, the

concentration of sodium octyl sulfate required for complete pre-

cipitation being several times that of sodium decyl sulfate. Studies

of mixed monolayers of egg albumin and sodium dodecyl sulfate ®®

and of i8-lactoglobulin and sodium dodecyl sulfate ®® indicate the

formation of definite complexes between protein and detergent

molecules. Palmer®^ has postulated a structure for denatured

egg albumin-detergent complex which consists of a polar protein

monolayer with the detergent molecules adsorbed on one side only

and with the long axis of the detergent molecules perpendicular to

the protein layers. The presence of fatty acid anions brings about

increased thermal stabilities of both human and bovine serum
albumins.®* Where low concentrations of acid are present the
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protective action increases with increase in chain length of the

fatty add up to twelve carbon atoms; however, at higher concen-

trations the maximum stabilization is obtained with the seven- or

eight-carbon-membered acids. Further studies ^ indicated that

the fatty acid anions combine with both the positive groups and

the non-polar portions of the albumin. Higher fatty acid deriva-

tives of the proteins have been prepared by acylation in the pres-

ence of aqueous alkali, and the physical properties of these deriva-

tives have been reported.*®

Oxidation, Halogenation, Polymerization, and Miscella-

neous Reactions Not Involving the Carboxyl Group

No phase of fatty acid chemistry has attracted more attention

wthin recent years than that concerned with the reactions of the

hydrocarbon portion of the molecule. These studies have resulted

in many noteworthy contributions, several of which are of excep-

tional interest.

A number of these studies have been concerned with the mecha-

nism and products of the oxidation of unsaturated acids. Burr and

associates have employed spectrophotometric methods in their

studies of the oxidation of oleic and elaidic acids and of ethyl

oleate. Mild oxidation brings about a slight increase in the absorp-

tion of these compounds; however, marked changes are observed

upon prolonged oxidation. The absorption shows an inflection at

2750 A and a maximum at 2300 A. It was suggested that the

increased absorption is, in part, due to the formation of conjugated

unsaturated ^sterns containing carbonyl groups or to conju-

gated polymers formed by the enolization of such systems. The
increase in absorption is not directly occasioned by peroxide forma-

tion. The autoxidation of linoleic acid yields products which

are not spectroscopically similar to those obtained from oleic acid,

the oxidation being accompanied by an increase in the absorption

at 2750 A. The autoxidation of 10,12-linoleic acid is accompanied

by a substantial reduction in the absorption at 2300 A. The oxida-

tion of non-conjugated trienes is attended by an increased absoi^
tion ** and the production of maxima at 2350 A and 2750 A.

Oxidation of conjugated trienes brings about a decreased absorp-

tion between 2600 A and 2800 A and an increased absorption at

2300 A and above 3200 A. It was concluded that the changes

in absorption which take place upon autoxidation are due to oxy-

gen-containing chromophores. The color produced by the treat-
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ment of oxidized acids with alcoholic alkali probably results from

unsaturated carbonyl compounds produced during the oxidation.^

A comparison of the rate of oxidation with the rate of formation

of chromophores absorbing at 2325 A indicates the formation of

a conjugated monohydroperoxide. It was stated that color

development cannot be taken as a measure of oxygen uptake unless

the composition of the fatty acid mixture is known. Spectro-

photometric studies “ of the rate of the oxidation of jS-eleostearic

acid indicate that the initial oxidation results in a dimerization

with the formation of some carbon-to-carbon bonds. Continued

oxidation yields dibasic acids which may be dimers of the original

acids.

The oxidation of oleic acid under various pressures of oxygen

has been studied by Henderson and Young, the evidence indi-

cating the initial formation of peroxides f6llowed by the destruction

of the double bond. A comparison of the oxidation of methyl

oleate by oxygen at 20° and 120° showed that the oxidation at 20°

takes place at the —CH2— groups adjacent to the double bond;

however, at 120° the oxygen appears to combine directly with the

double bond. The oxidation of methyl oleate at temperatures

above 80° appears to differ in character from oxidations at lower

temperatures.^* Conjugated diene formation reaches a maximum
and then declines during the autoxidation of methyl linoleate, the

presence of the group—CH:CHCH2CH:CH— causing a marked
increase in the ease of oxidation. The relative rates of autoxidation

of methyl oleate, linoleate, and linolenate at 20° are 1 : 12 :ca. 25.

The autoxidation of methyl oleate is greatly accelerated by the

presence of small amounts of methyl linoleate.^ It has been sug-

gested that hydroperoxide formation is preceded by the direct

addition of oxygen to the double bond; however, Sutton has

stated that when methyl oleate or methyl elaidate is oxidized at

35° in the presence of ultraviolet light the primary product is the

ester hydroperoxide. The hydroperoxides of methyl oleate have

been isolated by low-temperature fractional crystallization from

acetone^ and have been subjected to hydrogenation, oxidative

fission, and reduction with hydrogen iodide. Swem and asso-

ciates^* have molecularly distilled the polymers formed by the

autoxidation of methyl oleate and have stated that the polymers

are apparently oxygen-linked. Secondary reactions result in a

scission of the chain. Faith and Rollins have ascertained the

optimum conditions for the catalytic, vapor-phase oxidation of

fatty oils.
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A study of the biological oxidation ” of octanoic add containing

in the carboxyl group showed that such oxidations proceed by a
mechanism which involves a splitting into two-carbon fragments

followed by condensation of these fragments to ketone bodies. A
later study indicated that butsnic add is converted to ketone

bodies mainly by fission into two-carbon units and subsequent

recombination.

The oxidation of unsaturated fatty adds by chemical oxidizing

agents has been the subject of several recent investigations. Swem
and associates ” have studied the production of epoxy compounds

by the mild oxidation of unsaturated acids and allied compounds

with both perbenzoic add and peracetic add. 9,10-Epoxyoctadec-

anol, m.p. 54r-54.5°, can be readily obtained by the action of per-

benzoic add on oleyl alcohol. It readily forms a mixture of 940-

and 10,9-chlorohydroxyoctadecanols, m.p. 61-62°, when it reacts

with hydrogen chloride. The initial action of peracetic add on

ethylenic compoimds is similar to that of perbenzoic add; however,

the epoxide ring is opened in the presence of acetic add to give

hydroxyacetoxy compoimds. The rate of ring opening of 9,10-

epoxystearic acid, m.p. 59.5° (from oleic acid), by acetic add is

only about 1% per hour at 25° ;
however, at 65° to 100° the reaction

is complete in one to four hours. The 9,10-epox3n3tearic add,

m.p. 55.5° (from elaidic add), is much more stable in the presence

of acetic acid. No epoxy compounds can be isolated when oleic

acid is oxidized with performic acid,’'^ the reaction apparently

yielding dihydroxy acids as the primary product. The oxidation

of 1-olefins with performic add gives high yields of glycols, the

following having been obtained by this method: 1,2-octanediol,

m.p. 30-30.5°; 1,2-decanediol, m.p. 48-49°; 1,2-dodecanediol, m.p.

60-61°; 1,2-tetradecanediol, m.p. 75-76°; and 1,2-octadecanediol,

m.p. 80-81°. The 1-olefins react slowly with peracetic add to give

the corresponding 1,2-epoxides. A modification of the Ciiegee

reaction ” has been proposed ^ in which the lead tetraacetate is not

isolated. Quantitative conversion to scisdon products of such

compounds as m-9,10-dihydrox3rstearic add is obtained by the

use of this reagent. Two 9,10,12-trihydroxysteaiic adds, a, m.p.

112°, and fi, m.p. 138°, result from the oxidation of ricinoleic add
with alkaline potassium permanganate or of ridnelaidic add with

peracetic add.” The isomeric 9,10,12-trihydroxyBtearic adds,

y, m.p. 87°, and S, m.p. 110°, result when ricinoleic add is oxidized



920 ADDENDUM

aldehydes and aldehyde adds has been studied by King.^ Such

peroxides readily undergo reversible dissociation into the free

aldehydes and hydrogen peroxide. The oxidation of thioethers to

sulfoxides is strongly catalyzed by the presence of unsaturated

adds,** the actual catalyst probably being the peroxide of the fatty

add.

Studies of the antioxidative properties of compounds and the

search for effective antioxidants will probably continue for many
years. Several recent contributions to this subject are worthy of

mention. Golumbic ^ has studied the antioxygenic action of

hydroxycoumarones, tocopherols, and related compounds on

animal fats and has also investigated ** the natural antioxidants

present in the vegetable oils. The synergistic action of ascorbic

acid and quinone has been studied by Calkins and Mattill.** The
synergistic action of traces of phosphoric acid upon the quinones

and quinols has been ascribed to its ability to form a complex and
to its ease of reduction.*^ A new antioxidant, nordihydroguaiaretic

acid,

HO OH
HO<^^ ^HtCH(CH8)CH(CH8)CHg<( ^OH

has recently been studied by Burr and associates.®* This com-

pound is a white, crystalline solid, m.p. 184-185°, which is slightly

soluble in water and quite soluble in most organic solvents. Its

effectiveness is increased by the presence of ascorbic acid.

The nitric acid oxidation of the monohydroxy acids which result

from the sulfation and subsequent hydrolysis of oleic acid shows ®®

that sulfation followed by hydrolysis is attended by a migration

of the hydroxyl groups and that 9- and 10-monohydroxy acids are

not formed exclusively during this process.

The chlorination of methyl caprylate, laurate, myristate, and
stearate by dry chlorine in the presence of various catalysts has

been studied by Guest and Goddard.*® The formation of poly-

chloro esters was foimd to preclude high yields of the desired 2-

chloro esters. These authors have also described the preparation

of 2-chlorostearic acid by the action of thionyl chloride on 2-

hydroxystearic acid. The products of the reaction of chloro adds
with sodium acetate in acetic add solution ^ are largely dependent

upon the position of the chlorine atoms. The reagent yields

acetoxy adds with 2-, 4-, or 5-chloro acids, but it yields 2-olefinic

adds with 3-chloro acids. Cheronis and associates ®* have studied
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the formatioii of amino adds by the action of both aqueous and
anhydrous ammonia on 2-chloro adds.

The isomerizing action of alkali metal hydroxides on unconju-

gated fatty adds has been shown to proceed in aqueous media
provided suffidently high temperatures are employed.®* A catalyst

consisting of reduced nickel upon kieselguhr has been found to be
effective for the isomerization of vegetable oils.®*

The thermal pol3rmerization of methyl lO-undecenoate ®® pro-

ceeds largely by addition to the terminal olefinic group to give a
straight-chain ester of the formula CH3C02(CH2)7CH=CH-
CH2(CH2)ioC02CH3 ,

the remaining double bond shifting from
the 10- to the 9-position. It has been observed ®® that the polymer-

ization of imdecenoic acid in the presence of boron trifluoride is

attended by esterification of the carboxyl group by the double

bond. Super polymers have been prepared by the esterification

of dilinoleic acid with ethylene glycol,”" and it has been observed ®*

that such products can be cured with sulfur or allied reagents.

Sheppard and Burton ®® have recently investigated the effects

of radioactivity on the fatty acids and have subjected lauric and

palmitic acids to alpha-particle bombardment. Both these acids

gave liquid products, one of the main results being decarboxylation,

which proceeds according to the equation

C16H81CO2H - ^ CisHss + CO2
bombardment

Several processes are involved in the decomposition of the fatty

acids under these conditions. These processes include (1) dehydro-

genation, (2) decarboxylation, (3) formation of low molecular

weight water-soluble acids, (4) formation of methane and higher

hydrocarbons, (5) production of carbon monoxide and water.

Evidence was obtained that dehydrogenation does not occur in the

same molecule as decarboxylation since the unsaponifiable frac-

tions appeared to be saturated. This study is of exceptional

interest since it has been suggested that radioactive proc-

esses may be involved in petroleum formation.

Esters of the Fatty Acids

The add-catalyzed esterification of the fatty adds in dry meth-

anol has been further studied by Smith and Reichardt,^®* who
concluded that the constant r in the Goldschmidt equation (see

page 495) is independent of the nature of the add or its concentra-
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tion. It was also stated that the activation energy is constant for

the normal acids and has a value of approximately 10,000 cal. per

mole. The latter statement is contrary to previous beliefs.^®^ A
determination of the parachor values of tricaprin, trilauiin, tri-

myristin, tripalmitin, and tristearin showed the differences be-

tween alternate members to be less than the calculated differences.

This indicates that the two outer chains continue along parallel

paths, and supports the contention that the triglycerides possess a

tuning-fork structure.

A series of alkyl esters of the fatty acids has been prepared by
Hoback and associates,^®® who have described the following esters

which had not been previously synthesized (see Table IV, Chapter

VII): (ester, 620 °C., m.p. °C., nf), dl®) nonyl caproate, 173.3,

—22.3, 1.4318, 0.8582; imdecyl caproate, 198.4, —10.5, 1.4365,

0.8569; dodecyl caproate, 221.3, —4.6, 1.4382, 0.8562; tridecyl

caproate, decomp., 6.9, 1.4396, 0.8550; tetradecyl caproate,

decomp., 2.0, 1.4414, 0.8543; pentadecyl caproate, decomp., 16.3,

1.4422, 0.8536; propyl pelargonate, 120-122, —36.0, 1.4236,

0.8540; butyl pelargonate, 122-124,-38.0, 1.4262, 0.8520; pentyl

pelargonate, 130-132, —27.0, 1.4318, 0.8506. The glycidyl esters,

CH2CHCH2CO2R, of the higher acids have been prepared by the

reaction of the sodium soaps with epichlorohydrin.^®^ These esters

have been proposed as plasticizers and are of current interest in

view of the ready availability of epichlorohydrin. They are either

liquids or low-melting solids, the following physical constants hav-

ing been reported: (glycidyl ester, bi °C., m.p. ®C., n^) laurate,

126, 21, 1.4310; myristate, 146, 33.5-34.5, 1.4345; palmitate, 170,

44.5-45.0, 1.4363; stearate, 193, 50.5-51.3, 1.4387; oleate, 185,

— 1, 1.4469. The furfuryl esters of several higher aliphatic acids

have been prepared ^®® by alcoholysis of their alkyl esters with

furfuryl alcohol in the presence of sodium. The fatty acid mono-

esters of 2-ascorbic acid and d-isoascorbic acid have been prepared

by Swem and associates,^®* who have reported the following melt-

ing points: (J-ascorbyl ester, m.p. ®C.) laurate, 105.5-106.5;

myristate, 110.5-111.5; palmitate, 116-117; stearate, 117.5-118;

(d-isoascorbyl ester, m.p. °C.) laurate, 78-79; myristate, 84-85;

pahnitate, 88.5-89.5; stearate, 91.5-92.5. When tested as anti-

oxidants,^^® these esters showed a marked synergistic effect with

oe-tocopherol. A series of esters of the polyhydric alcohol xylitol
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has been prepared by Carson and Maclay,^^^ who observed the

following melting points: (xylityl ester, m.p. ®C.) pentalaurate,

33.5-35; pentamyristate, 45.5-47; pentapalmitate, 56-58; and

pentastearate, 66-68. The esters of 9,10-dihydroxystearic acids,

m.p. 95° and 130°, are white, crystalline solids which are insoluble

in water and soluble in most organic solvents. The melting points

of these esters are shown in Table I.

TABLE I

Melting Points op Esters of 9,10-Dihtdboxtstearic Acids

Ester

M.P., ®C., of Ester

of 95® M.P. Acid

M.P., ®C., of Ester

of 130® M.P. Acid

Propyl 67 5-58 92.5-93.5

Butyl 53 -54 89 -90

Pentyl 58 5-59 5 86 5-88

Hexyl 64 5-65.5 87 -87.5

Octyl 73 -74 88 -89

Decyl 72 5-73 89.5-90.5

Dodecyl 70 -72 91 -92

Tetradecyl 71 6-72 92 -93

Hexadecyl 73 -74 94 -95 5

Octadecyl 76 -77 94 -95

The allyl, methallyl, /S-chloroallyl, furfuryl, cinnamyl, oleyl, and

elaidyl esters of the dihydroxystearic acids, m.p. 95° and 130°, have

also been described by Swem and associates.^^® Ethyl 6-bromo-

caproate, &14 120-125°, 1.4566, has been prepared by esterifi-

cation of the product of the action of hydrobromic acid on the

lactone of 6-hydroxycaproic acid, obtained by the oxidation of

cyclohexanone. Front and Daubert have described cholesteryl

linoleate, m.p. 42.5°, in connection with the development of a

spectrophotometric method for the determination of linoleic acid

in small quantities of blood. Connor and Wright have studied

the rates of methoxymercuration of the esters of oleic and elaidic

acids. The rapidity of reaction of the esters of oleic acid when
compared with those of elaidic acid indicates that this reaction

may be employed for differentiating between esters of cis and
trans acids.

The polyesters of dibasic acids and trimethylene glycol in-

crease in melting point with increase in chain length of the di-

carboxylic acid. Fiber patterns indicate the crystalline regions

to contain planar, zigzag-chain molecules inclined to the fiber
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axis; the amorphous regions to contain disordered, kinked chains;

and the mesomorphic regions to possess disordered groups of

parallel chains. The dielectric properties of polyesters indicate

the presence of small oscillating units in the chains.

Several recent investigations have been concerned with the

preparation of synthetic drying oils by the esterification of highly

unsaturated fatty acids with polyhydric alcohols or with unsatu-

rated alcohols. For example, varnish oils have been obtained by
the esterification of linseed fatty acids with sorbitol or with

pol3T)entaer3rthritols.^“ Teeter and Cowan have prepared the

allyl, jS-methallyl, and /3-chloroallyl esters of polymeric soybean

adds by direct esterification, and similar esters of dilinoleic acid

by alcoholysis of methyl dilinoleate.

Nitrogen-Containing Derivatives of the Fatty Acids

In view of their interesting properties and relative ease of

synthesis the nitrogen-containing derivatives of the fatty acids

will be subjects of interest for many years to come.

The lachrymatory properties and pungency of the 4-acylamido-

ci>-chloroacetophenones and the 3-acylamido-ti)-chloroacetophe-

nones have been investigated by Waters,^22 observed that,

unlike the acylvanillylamides, these properties decrease pro-

gressively with increase in the chain length. Several N^-acylsul-

famlamides have been prepared by Bergmann and Haskelberg,^28

who reported the following melting points: (acyl group, m.p. °C.)

undecanoyl, 206 (decomp.); undecenoyl, 194-196; stearoyl, 245;

oleoyl, 204; stearoloyl, 189. The N-xanthyl derivatives have been

proposed for characterization of the unsubstituted amides,

N-xanthylpalmitamide melting at 140-142° and N-xanthylstear-

amide at 139-141°. An equimolar mixture of these amides melts

at 133-135°. Houston has observed that the melting points of

the 7>-bromoamlides of certain fatty acids differ from those previ-

ously reported,^^'^'^ the values as determined by this author being:

(add, m.p. °C. of p-bromoanilide) capric, 101.9; lauric, 106.7;

myristic, 110.2; palmitic, 113.2; and stearic, 115.2.

When the dimeric adds, for example dilinoleic acid, are treated

with diamines, such as ethylenediamine and its higher homologs,

a series of interesting polyamides results. These polyamides have

been the subject of an appreciable amount of research by Cowan
and associates and have been proposed as coating materials for

paper and other surfaces. The dielectric properties of several
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polyamides have been investigated by Baker and Yager, who
reported that such substances show quite steep temperature co-

efficients.

Compoimds which possess CONH linkages when irradiated as

monolayers undergo photolyais; for example, stearanilide when so

treated is split into stearic add and aniline.^” This observation

has been confirmed by Carpenter,^^^ who irradiated monolayers of

stearanilide, N-benzylstearamide, C17H36CONHCH2C6H6, and N-

(2-phenylethyl)stearamide, Ci7H36CONH(CH2)2C6H6, at 2483 A
and 2537 A and observed them to undergo photolysis at the CONH
linkage. Since this is a characteristic linkage of protein molecules

this observation explains why irradiation of proteins increases the

number of free amino groups.

The methyl esters of alkanoylglycines and -polyglycines have

been prepared by the action of acid chlorides on aqueous alkaline

solutions of glycine or polyglycines followed by esterification.^**

These esters can be converted to the corresponding amides by the

action of ammonia. Both the esters and the amides are high-

melting solids. The successful synthesis of N-alkylethylenedi-

amines has been accomplished by the action of alkyl chlorides

or bromides on ethylenediamine. Previous attempts to synthesize

these derivatives by the use of alkyl iodides were unsuccessful.

The salts of the N-alkylethylenediamines function as cationic

colloidal electrolytes. The free bases are low-melting, white, waxy
solids which are insoluble in water but soluble in organic solvents.

N-octyl-, N-dodecyl-, and N-hexadecylpiperidine have been syn-

thesized by the refluxing of aqueous piperidine with the respec-

tive alkyl iodides and the gradual addition of an excess of potassium

hydroxide. The long-chain N-alkylpiperidines are weak bases.

2-Octyl nitrite has recently been synthesized by the addition of

nitrosyl chloride to 2-octanol in pyridine solution and also by the

reaction of sodium nitrite and sulfuric acid with 2-octanol. This

compound was observed to decompose at room temperature.

Nitrite esters have previously been reported to be unstable.

Baltzly, Ide, and Buck have described the synthesis of several

chaulmoogryltrialkyl quaternary ammonium compounds, conven-

tional methods having been employed for their preparation.

The relationship between the structures of the quaternary am-

monium compounds and their bactericidal activities has been

studied by Shelton and associates,^*® who prepared a large number

of higher alkyl quaternary ammonium compounds during the
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course of their investigations. The alkyltiimethylanunonium

bromides were described as white, nearly odorless, h^-melting

crystals. Hexadecyltriethylammonium bromide melts at 145-155°

and the corresponding iodide at 175-177°. In general, the higher

alkyl quaternary ammonium halides are soluble in acetone, alcohol,

and water, but insoluble in ether and benzene. Little germicidal

activity was observed when the long alkyl chain contained less

than eight carbon atoms, the activity increasing with increase in

chain length and reaching a maximum with hexadecyltrimethyl-

ammonium bromide. The substitution of a benzyl for a methyl

group in hexadecyltrimethylammonium bromide did not result in

an increase in activity. Substitution oi dihydrox3q)ropyl groups

for methyl groups lowers the activity. The replacement of methyl

groups by carbethoxymethyl or 2-acetoxyethyl groups enhanced

the activities of N-dodecyl compounds but reduced those of the

N-hexadecyl compounds. In the unsaturated cyclic series the

peak of activity was observed with the hexadecylpyridinium salts,

and in the saturated series with hexadecylpiperidinium bromide.

Long-chain quaternary ammoniiun compounds were prepared from

a number of cyclic amines such as pyridine, picoline, lutidine,

quinoline, piperidine, pipicoline, and morpholine.

The Alcohols

The occurrence, synthesis, and properties of the higher aliphatic

alcohols have been the subject of many recent studies. The
dihydric ether alcohols, chimyl, batyl, and selachyl alcohols (see

page 714), the occurrence of which was previously supposed to be

confined to marine oils, have been found to occur in small amounts

in many of the animal fats. Holmes and associates have isolated

batyl alcohol from the yellow bone marrow of cattle; Ruzicka and

associates have obtained it from the fat of pig spleens and of

arteriosclerotic aortas of human beings. Baer and Fischer

have found that the optical rotations of natural batyl and chimyl

alcohols are identical with those of similar structure synthesized

from 1-acetone glycerol and, consequently, the natural alcohols

belong to the d series. A later comparison of natiual selachyl

alcohol with d-, Ir, and racemic selachyl alcohols,'" prepared by the

condensation of oleyl p-toluenesulfonate with the sodium salts of

d-, U, and racemic acetone glycerols, showed selachyl alcohol like-

wise to belong to the d series. The i^thetic selachyl alcohols were
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obtained as crystalline solids; d- and 2-selachyl alcohols melt at

48.5-49.5®, and d,2-selachyl alcohol at 46.5-47.5°. An improved

method for the synthesis of batyl alcohol consists of the reaction

of sodium alloxide, CH2=CHCH20Na, with octadecyl iodide

followed by hydroxylation of the ethylenic bond of the resulting

allyl octadecyl ether.

The identity of the higher alcohols present in camauba wax has

long been a controversial subject. Further light has been thrown

upon these alcohols by Koonce and Brown, who have reported

that they can be distilled under high vacuum without undergoing

appreciable decomposition. Distillation of the unsaponifiable

fraction of camauba wax followed by crystallization showed the

presence of normal C2S9 £^d C32 alcohols in this wax and indi-

cated the presence of the C34 alcohol and its higher homologs. The
occurrence of hexadecyl palmitate in corals has been reported.

The higher aliphatic alcohols may be intermediates in fat metab-

olism. Deuterium-labeled hexadecyl and octadecyl acetates have

been fed to rats, it being observed that both are readily assimilated

and converted into saturated acids of the same chain lengths as

the original alcohols.^^*^ When deuterium-labeled palmitic acid

was fed, evidence was obtained which indicated its partial trans-

formation into hexadecanol.

The synthesis of the higher aliphatic alcohols by the sodium

reduction of fatty acid esters has been reviewed and greatly ex-

panded in a very comprehensive article by Hansley.^^* It was

pointed out that this reduction proceeds through the soluble

sodium ester ketals, the mechanism of the reduction of ethyl

palmitate being:

ONa

(I) CisHsiCOCijHs + 2Na - CisHad:—OQH*

ii lla

ONa ONa

(H) CuHsii!)—OCjHs + CyEjOH — CisHsici)—OC*]

]jra ^
iHfi + CiHtONa

ONa

CuHaic!;—OCjHs -* C«H,iCH + C3,H»ONa

^ ii

(HI)
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The aldehyde then forms a sodium ketal which immediately reacts

with the alcohol to ^ve the sodium alkoxide of the higher alcohol,

thus:

ONa

(IV) CuHsiCH -4“ 2Na —> CJisHsicljH

<1 lla

(V)

ONa

CuEm^H + CsHsOH

lla

CjsHgiCHjONa + CgHgONa

Hydrolysis then yields the free alcohol, as follows:

(VI) Ci6H3iCH20Na + HOH CigHsiCHaOH + NaOH

A study of the above mechanism shows that any hydrogen

formed by direct reaction of the sodium with the reducing alcohol

does not take part in the reduction. A reducing alcohol is required

which reacts with the sodium intermediate but not to any appreci-

able extent with the reducing alcohol. It was stated by Hansley

that primary alcohols react rapidly with the sodium, whereas ter-

tiary alcohols decompose the intermediate sodium ketals too slowly.

The use of secondary alcohols was, therefore, suggested. The
recommended procedure consists in adding the ester, mixed with

the reducing alcohol and sufficient solvent to keep the reaction

mixture fluid, to the sodium contained in the reaction vessel.

Glycerides are much more readily reduced than alkyl esters, the

difference being attributed to the greater solubility of trisodium

glycerate as compared with sodium methoxide or its homologs.

Examples were given of the preparation of saturated alcohols from

the glycerides of saturated acids, of 9-octadecenol from olive oil,

and of 9,12-octadecadienol and 9,12,15-octadecatrienol from their

respective glycerides.

Hass and associates have studied the oxidation of hexadecane

with air imder 2000 lb. pressure at temperatures from 190° to

300°. Hydrogenation of the oxidation product gave a mixture

which contained alcohols with molecular weights as high as 165.

During the past few years a munber of alcohols have been syn-

thesized which had not been described previously. These include

the 1-alkylcyclopentanols,^®® the density curves of which show a

decided break at 1-heptylcyclopentanol. This has been attributed

to the relationship in size between the alkyl group and the cycle-
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pentyl ring. Above heptyl, the alkyl group is determinative as

regards the crystal packing. The density curves of the l*alkyl-

cyclohexanols show a similar break at 1-hexylcyclohexanol.**^ Ihe
synthesis of the alleigenic principle of poison ivy, 3-pentadecyl-

catechol, m.p. 58-S0°, from 2,3-dimetho}^benzaldehyde has been

described.^** Its prior synthesis from o-veratraldehyde has been

claimed,*** and its use as a standard agent for the determination

of hypersenritiveness to poison ivy has been described.***

The o-aUcyl derivatives of saccharin *** have been prepared by
heating pseudo-sacchatin chloride *** with the higher alcohols, and

have been proposed as characterizing derivatives. The melting

points of the saccharin derivatives of the aliphatic alcohols are

shown in Table II.

TABLE II

MEi/rma Points of o-Ai.ktl Derivatites of Saccharin

Alkyl Melting Point, °C. Alkyl Melting Point,

Propyl 124.5 Dodecyl 54

Butyl 96 Tndecyl 66

Pentyl 62 Tetradecyl 62

Hexyl 60 Pentadecyl 72

Heptyl 55 Hexadecyl 69.5

Octyl 46 Heptadecyl 76

Nonyl 49 Octadecyl 74.5

Decyl 47.5 Nonadecyl 80.5

Undecyl 58.5

Mixed melting points with adjacent members showed consider-

able depressions; for example, undecyl-dodecyl, 48-52°, dodecyl-

tridecyl, 62-58°, and heptadecyl-octadecyl, 64-57°. Ward and

Jenkins*** have proposed the alkyl esters of p-nitrophenylacetic

add as diaracterizing derivatives for the higher alcohols.

The catalytic dehydration of the higher alcohols has been the

subject of several recent studies. The vapor-phase dehydration of

heptanol over activated alumina at 380-400° yields 1-heptene as

the piindpal product.*** Hexanol and octanol when similarly

treated **• yield 1-hexene and 1-octene, re^ctively. The products

obtained by the liquid-phase dehydration of the higher alcohols in

the presence of metallic nickel *** are quite dependent upon the

temperature employed. Dehydrogenation with the formation of

the corresponding aldehydes occurs at 140°; higher temperatures.
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250^, result in the formation of olefins by the splitting of carbon

monoxide and hydrogen from the aldehydes. Some saturated

hydrocarbons are also produced by hydrogenation of the olefins

with the liberated hydrogen. Dehydration of the alcohols to the

corresponding olefins apparently does not occur under these condi-

tions. When the primary alcohols are heated at 380-400® in the

presence of vanadium pentoxide, saturated hydrocarbons which

contain the same number of carbon atoms as the alcohol are

formed.“^ Vanadium oxide-aluminum oxide catalysts increase

the yield of paraffinic hydrocarbons. The dehydrogenation of the

alcohols to aldehydes over copper-chromium oxide catalysts be-

comes more difficult with increase in the chain length of the

alcohol.^®® The dehydrogenation of heptane over chromia-alumina

catalysts yields both olefinic and aromatic hydrocarbons,^®® hexene

and toluene being the principal products formed. High tempera-

tures or long contact times favor aromatic formation. The addi-

tion of water vapor, on the other hand, retards the formation of

toluene.

The use of primary alcohols as metal-cutting fluids has been

studied by Shaw,^®® who reported that those alcohols which contain

an uneven number of carbon atoms require lower cutting forces

than those which contain an even number.

Esters of the Higher Alcohols

The recent contributions to our knowledge of the esters of the

higher aliphatic alcohols have been extensive and important.

Many new esters have been prepared and their properties de-

scribed. The alkyl esters of nicotinic acid ^®® are either liquids or

low-melting solids. Dodecyl nicotinate freezes at 22.7° and tetra-

decyl, hexadecyl, and octadecyl nicotinates melt at 40.2-40.8°,

46.7-47.0°, and 55.3-55.8°, respectively. The corresponding

amides increase in melting point with increase in the length of the

alkyl chain, dodecylnicotinamide melting at 77.6-77.8° and octa-

decylnicotinamide at 91.7-92.0°. The alkyl esters of gallic acid

have been obtained by the esterification of the tribenzyl ether of

gallic acid followed by debenzylation of the resulting esters.^®®

The melting points range from 93.5° for hexyl gallate to 104.5° for

octadecyl gallate. Cowan and associates'®^ have described the

preparation of octadecyl, octadecenyl, and octadecadienyl esters

of orthosilicic acid. Several alkyl selenocyanates have been pre-

pared by refluxing alkyl bromides with potasaum selenocyanate
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in ethanol. These compounds possess disgusting odors which

prohibit their use as fungicides. The alkyl acrylates having from

two to sixteen carbon atoms in the alkyl group have been prepared

by alcoholysis of methyl aciylate.^®® These esters are easily pol-

ymerized, the higher esters yielding waxlike polymers. The hi^er
alkyl salicylates are low-melting solids; dodecyl salicylate melts

at 25° and octadecyl salicylate at 53°.

The dialkyl adipates, up to and including dinonyl adipate, are

colorless liquids; those above dinonyl adipate are white, waxy
solids. The melting points of these esters are: (ester, m.p. °C.)

dipentyl, —14; dihexyl, —9 to —7; diheptyl, 3.8-4.5; dioctyl,

9.5-9.8; dinonyl, 21.6; didecyl, 27.4; diundecyl, 34.7; didodecyl,

39.3; ditridecyl, 45.9; ditetradecyl, 49.4; dipentadecyl, 55.0; dihexa-

decyl, 57.3; diheptadecyl, 61.8; dioctadecyl, 63.4; dinonadecyl,

66.7; dieicosyl, 65.2. The non-catalytic esterification of octanol

with polybasic acids has been claimed to result in higher yields

of esters than when catalysts are employed. End-group analyses,

viscosity measurements, and the solution behaviors of the linear

polymers of 11-hydroxyundecanoic acid indicate a coupling action

of separate sections within a given chain.^^*

The physical constants of highly purified alkyl chlorides, bro-

mides, and iodides have been determined by Vogel,^^^ the recorded

values representing a considerable revision of and addition to those

previously reported (see Chapter IX). The following constants

were determined by Vogel: (number of C atoms, b.p. °C., dl®, n^)

chlorides: 6, I34759 , 0.8784, 1.41991; 7, 159.5769, 0.8766, 1.42571;

8, 181.5765, 0.8748, 1.43058; 9, 202760, 0.8704, 1.43400; 10, 222-

223760, 0.8683, 1.43731; 11, 240-241772, 0.8677, 1.44003; 12,

116.55, 0.8673, 1.44255; bromides: 6, 153.5740, 1.1748, 1.44781;

7, 177.5758, 1.1401, 1.45052; 8, 2OO768 , 1.1124, 1.45267; 9, 219 .6745 ,

1.0901, 1.45417; 10, 102.659, J.0658, 1.45527; 11, 1145, 1.0641,

1.45697; 12, I3O.O5 7 , 1.0382, 1.45807; iodides: 6, I8O774 ,
14367,

1.49264; 7, 202774 , 13734, 1.48974; 8, 221-221.5752, 13297, 1.48892.

The dielectric properties of several of the higher alkyl iodides have

been investigated,^^® and it has been observed that the dipole

moment undergoes a small decrement, 0.01 d. per carbon atom,

from butyl iodide to hexadecyl iodide.

The rate of hydrolysis of both soluble and insoluble proteins is

markedly accelerated by the presence of strong monobasic acids

containing long-chain alkyl groups.^^® In the presence of certain

of these compounds the rate of hydrolysis of the amide, RCONH2,
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and the peptide, RCONHR', bonds is approximately one hundred

times as fast as in the presence of hydrochloric acid. Among the

more effective hydrolyzing agents are the half esters of sulfuric

acid. The relative effectiveness of these esters in accelerating the

hydrolysis of wool is shown in Table III.

TABLE III

Relative Effectiveness of Sulfate Half Esters in Accelerating the

Acid Hydrolysis of Wool at 65® •

Amide Hydrolysis, Peptide Hydrolysis,

Time Required to Time Required to

Liberate 0.3 Liberate 1 0 Milliiliole

Sulfate Millimole Ammonia of Non-ammonia
Half Ester per Gram Nitrogen per Gram

Hours Hours

Octyl 45 2 100

Decyl 11.4 26

Dodecyl 9.8 17

Tetradecyl 9 3 15

Hexadecyl 10 3 21

Octadecyl 12.2 29

All solutions contained 0.05Af HCl and 0.05M Na salt of the half ester.

Similar results were obtained with the soluble protein (egg

albumin), although the rate of hydrolysis of soluble proteins is

enormously less with the sulfonates or sulfates than with pepsin.

The High Molecular Weight Aliphatic Ethers

The ethers of p-hydroxybenzoic acid have been proposed as

identif3ring derivatives for the alkyl halides.^"^^ Reid and Wilson

have prepared both the mono- and the diethers of stilbesterol and

have reported that the estrogenic activity decreases as the length

of the alkyl group increases in each series. Grummitt and Hall

have ^thesized pure 2,3-dihydroxypropyl dodecyl ether, which

is a waxlike solid melting at about 20^.

The Sulfur-Containing Derivatives of the Fatty Acids

The alkyl xenyl sulfides from hexyl xenyl sulfide to heptadecyl

xenyl sulfide have been prepared^®® by the direct addition of

4-mercaptobiphenyl to olefins. The melting points of these sulfides

do not vaiy greatly from member to member, hexyl xenyl sulfide
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melting at 76.1-75.7^ and heptadecyl xenyl sulfide at 99.7-100.6^.

The identity of these sulfides was established by mixed-melting-

point determinations with sulfides obtained by the reaction of

alkyl bromides with 4-mercaptobiphenyl. Hall and Reid have

prepared the a^oHlimercaptans from 1,2-ethanedithiol to 1,12-

dodecanedithiol. The physical constants which were reported are

shown in Table IV.

TABLE IV

PbOFEBTIES of a,o>-DlHERCAFTANS

No. of

C Atoms
Melting

Point, ®C.

Boiling

Point, ®C. ni5

2 -41.2 146.0 1.1192 1.5558

3 -79.0 172.9 1.0775 1.5371

4 -53.9 195.6 1.0395 1.5265

5 -72.5 217.3 1.0158 1.5194

6 -21.0 237.1 0.9886 1.5077

7 -38.1 252.2 0.9707 1.4950

8 0 9 269.3 0.9620 1.5009

9 -17.5 284.0 0.9510 1.4940

10 17.8 297.1 0.9432 1.4950

11 - 5.4 308.8 0.9368 1.4931

12 28.4 319.3 0.9270“

Pure sodium 1-dodecanesulfinate has been prepared, and its

reaction with mercuric chloride to give dodecylmercuric chloride

has been studied.^®* The effect of chain length of the aliphatic

mercaptans upon their regulatory action during the emulsion

polymerization of styrene and butadiene has been investigated,^®*

and it has been found that the rate of diffusion through the aqueous

phase is a determining factor in their regulatory action.

The Fatty Acid Halides

The fatty acid halides are important intermediates in the syn-

thesis of many fatty acid derivatives. Their preparation will,

therefore, continue to be a subject of considerable importance. It

is well known that the chlorides of the highly unsaturated acids are

difficult to prepare and purify, and many attempts have been

made to obtain satisfactory yields of these compoimds. The use of

oxalyl chloride as the chlorinating agent, originally suggested by

Adams and Ulich,^®^ has been reinvestigated,^®* and high yields of

oleoyl, elaidoyl, linoleoyl, and linolenoyl chlorides have been ob-

tained from their respective acids. Spectrophotometric studies
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showed that the reaction is not accompanied by rearrangement of

the double bonds to produce conjugated systems. The purification

of thionyl chloride, one of the important chlorinating agents, has

been accomplished by reflux with sulfur followed by distillation.

The sulfur converts the contaminate, sulfiuyl chloride, to sulfur

dioxide and sulfur chlorides.

The Rosenmund reduction of undecenoyl chloride with a palla-

dium-barium sulfate catalyst in boiling xylene gives a 55% yield

of unsaturated aldehydes.^®^ The reaction is accompanied by
almost complete rearrangement of the double bond from the

original IQ-position to the 8- and 9-positions. Bromination of the

double bond prior to reduction, followed by debromination of the

reduction product, permits the reduction of the acid chloride group

without migration of the unsaturated linkage.

The High Molecular Weight Aliphatic Aldehydes

Aldehydes of an average chain length of sixteen to eighteen

carbon atoms have been isolated from animal tissues by means of

their p-carbox3rphenylhydrazones and carboxymethoximes.^®® The
yields of crude aldehydes correspond to 0.05-0.2% of the tissue

used. The behavior of the higher aliphatic aldehydes and their

derivatives in the fuchsin test has been studied,^®® and it was ob-

served that with the acetals as standards the tests must be con-

ducted at a temperature of at least 37®. Since the naturally

occurring aldehyde complexes develop color at a much lower

temperature, some doubt is cast on the belief that the aldehydes

are present in tissues as their glyceryl acetals. The 2,4-dinitro-

phenylhydrazone of pentanal has been reported^®® to crystallize

from methanol in fine needles melting at 107.6®.

The preparation of higher aldehydes by the hydrolysis of olefin

ozonides has been investigated,^®^ and reasonable yields of alde-

hydes have been obtained by the decomposition of such ozonides

by catal3rtic hydrogenation.^*® A study has been made ^®® of the

catalytic, liquid-phase dehydrogenation of the higher alcohols to

aldehydes and ketones in which ethylene under pressure was used

as the hydrogen acceptor. A 33% yield of dodecanal from dodec-

anol was obtained by the use of this procedure.

The catalytic hydrogenation of heptanal in the presence of

nickel at 250® under atmospheric pressure has been shown to

yield n^hexane as the principal product together with some 1-

heptanol. A further study ^®* of the decomposition of heptanal in

the oresence of nickel and in the absence of added hydrogen showed
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that 1-hexene is a primary product. This indicates that the hexane

obtained under hydrogenating conditions may result from the

hydrogenation of 1-hexene.

The High Molecular Weight Ketones

An important reaction of ketones, the Willgerodt reaction^®*

(see page 856), formerly considered to take place only with alkyl

aryl ketones, has been shown to occur with dialkyl ketones

and with a wide variety of other types of aliphatic compounds.

Methyl propyl ketone, dipropyl ketone, and dibutyl ketone give

valeramide, enanthamide, and pelargonamide, the yields being

49, 9, and 1%, respectively.^®® The decrease in yield with increase

in chain length is similar to that observed with the alkyl aryl

ketones. If mercaptans are intermediates they should also yield

amides, and it was observed that 2-propanethiol, 3-pentanethiol,

4-heptanethiol, and 5-nonanethiol give propionamide, valeramide,

enanthamide, and pelargonamide, respectively. Olefins were like-

wise observed to yield amides, 3-pentene, 4-heptene, and 5-nonene

giving the respective amides. 3-Pentanol, 4-heptanol, and 5-

nonanol did not yield amides when similarly treated. Since it

was postulated that the reaction proceeds through the olefin it is

evident that, under mild conditions, the olefin must result from the

dehydrosulfidation of a mercaptan. Alcohols, however, were ob-

served to be reactive at higher temperatures (200®). Thus, it is

evident that the reactivity of an alcohol in this reaction must be a

function of its ease of dehydration. It is evident, therefore, that

either an alcohol or a thiol can be the parent substance of the inter-

mediate olefin, the former requiring higher temperatures. The
higher olefins 1-octene, 1-decene, and 1-tetradecene also yield the

corresponding amides when heated with ammonium polysulfide at’

200®. In view of the proposed mechanism, ketone —> thioketone

mercaptan —> olefin, etc., any mercaptan should yield an
amide when subjected to this reaction. The mercaptans from
ethanethiol to dodecanethiol were foimd to give varying yields of

amides, octanethiol, decanethiol, and dodecanethiol giving yields

of 6, 8, and 62%, respectively.

The Aliphatic Hydrocarbons

A recent study ®®® of the densities and transition points of the

higher saturated hydrocarbons has, in general, supported previous

opinions concerning their structures. A plot of the densities against

temperature shows that the lines are parallel for the liquid state.
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indicating an orderly arrangement of the molecules. This arrange-

ment disappears as the temperature approaches the boiling point.

The densities of the solid state indicate that the manner of crystal

packing is the same for all the normal hydrocarbons which contain

an even number of carbon atoms. The transition points of the

Ci8, C20, and C22 hydrocarbons are observed only on cooling,

whereas those of the C24 to C34 hydrocarbons are observed upon

both cooling and heating. Melting points for a number of the

normal hydrocarbons were compiled, and the values were observed

to fit the equation log (IV — 2) = a + hi, developed by Moullin,^^

if discontinuities were assumed at the Cie and Css hydrocarbons.

The values of the constants a and 6 are: Ce — Cie (even), 1.051,

0.00481; Cr C15 (odd), 1.067, 0.00410; Cie C34, 1.02,

0.0065; Css C70, 0.08, 0.0006. Some of the reported values

for the melting points of the higher hydrocarbons are: (number of

C atoms, m.p. ®C.) 25, 53.3; 29, 63.3; 33, 72.0; 35, 75.0; 37, 74.4;

38, 77.6; 39, 78.8; 41, 81.7; 42, 82.9; 43, 83.8; 44, 86.4. The para-

chors and molecular refractivities of the pure hydrocarbons from

pentane to hexadecane have, been determined by Vogel,^ who
reported the following values for the parachor: (number of C
atoms, parachor value) 5, 231.8; 6, 270 9; 7, 312.0; 8, 350.5; 9,

390.7; 10, 429.9; 11, 470.6; 12, 510.0; 13, 550.5; 14, 591.4; 15,

631.3; 16, 671.3. The heats of combustion of a number of the

higher hydrocarbons have recently been reported,^®' and the

heats of formation, — A-H?
,
of these compounds from the elements

have been calculated. The following are some of the representative

values: (hydrocarbon, — Afl? inkcal. mole”^) octadecane, 135.92;

11-phenylheneicosane, 120.83; 13-phenylpentacosane, 164.71; 11-

decylheneicosane, 201.72; and dotriacontane, 231.82. The heat

capacity and heat of fusion of 11-decylheneicosane have recently

been determined, the average molal heat of fusion being

17017.7 =fc 6.0 cal. per mole. The compressibility of liquid octane

has been determined^ at 25° intervals from 100° to 275°, the

pressures ranging from 1 to 300 atmospheres. The specific volumes
vary from 1.574 cc. per gram at 100° to 2.518 cc. per gram
at 275°.

Eicosane and 1-phenyleicosane, m.p. 43.5°, have been pre-

pared by reduction of the corresponding heptadecyl ketones

obtained by the condensation of stearoyl chloride with the appro-

priate dialkylcadmiums. The higher hydrocarbons 1-phenyl-

eicosane, 1-cyclohexyleicosane, and 1-cyclopentyleicosane have
also been obtained^® by heating the appropriate heptadecyl
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ketone with sodium methoxide, excess hydrazine hydrate, and a
lower anhydrous alcohol. The ketones were prepared by the

action of Grignard reagents upon stearonitrile.

Friedel-Crafts alkylations generally involve rearrangement of

the alkyl group, the formation of octadecylbenzene from octadecyl

bromide being one of the reported exceptions.^ A further study

of alkylations with the higher alkyl bromides showed that under

mild conditions benzene reacts with normal alkyl bromides in the

presence of aluminum chloride to give a mixture of phenylalkanes,

thus indicating that the phenyl group can attach itself to any of

the carbon atoms of the alkyl residue. These studies confirmed

the previous observation that such reactions proceed without

appreciable branching of the chain. No apparent reaction occurs

when aluminum bromide is mixed with hexane or heptane in the

absence of promoters; however, if hydrogen bromide is added,

cracking, isomerization, and alkylation occur with the formation

of branched-chain hydrocarbons.

The recent preparation of many of the higher acetylenic hydro-

carbons has given us more precise physical constants for these

compounds than were previously available. The hydrocarbons

were prepared by the condensation of alkyl bromides or sulfates

with sodium acetylides.^^® The dialkylacetylenes were prepared

either by the action of alkyl halides with disodium acetylene or by
a two-step process consisting of the alkylation of the sodium

derivative of a monoalkylacetylene. The physical constants of

the higher acetylenic hydrocarbons prepared by Henne and Green-

lee are shown in Table V.

TABLE V

Physical Constants of Acetylenic Hydhocabbons

Freezing Boiling

Hydrocarbon Point, °C. Point, °C. •.20Wd

1-Pentyne -106 07 40.25 0.6908 1 3862

1-Hexyne -132.09 71.4 .7156 1.3990

1-Heptyne -80.93 99.78 .7325 1.4088

1-Octyne -79.48 126.26 .7460 1.4169

2-Pentyne -109 33 56.07 .7104 1.4039

3-Hexyne -106 63 81.0 . 1.4115

2-Octyne -61.6 138.00 .7596 1.4278

3-Octyne -103.9 133.14 .7622 1.4260

4-Octyne - 102.66 131.57 .7609 1.4248

1 ,6-Heptadiyne -84 84 111.6 .8051 1.4423

l,8-Nonadi3me -27.28 161.98 .8168 1 4490

2,7-Nonadiyne 4.30 180.0 .8332 1.4674
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Hennion and Banigan have recently called attention to the

fact that the calculated and observed values of the molecular re-

fractivities of the acetylenic hydrocarbons are in disagreement.

A method of calculation based upon the average contributions of

various types of atoms in the molecules was proposed.

The reduction of the monoalkylacetylenes with sodium in liquid

ammonia gives high yields of 1-alkenes. A comparison of the

isomeric hexenes and octenes showed that the 1-alkenes have the

lowest boiling points, densities, and refractive indices. These

values are at a maximum with the 2-alkenes and then progressively

decrease as the double bond moves toward the middle of the chain.

The Metallic Soaps

The anhydrous ammonium soaps of the aliphatic acids are quite

hygroscopic, and exposure to moisture brings about a decided

lowering of their melting points. In general, however, hygrosco-

picity decreases with increase in molecular weight. Zuffanti^^®

has described a process whereby the ammonium soaps may be

prepared and their melting points determined without contact with

atmospheric moisture. The following melting points were reported

for several of the ammonium soaps of the fatty acids: (ammonium
soap, m.p. °C.) valerate, 108; caproate, 108; enanthate, 112;

caprylate, 114; and pelargonate, 115. The acid sodium stearates

have recently been prepared by Ryer,^^^ who obtained evidence for

the existence of stearates of the compositions, lNaSt*lHSt,

2NaSt-3HSt, and lNaSt-2HSt, but not of 2NaSt-lHSt. X-ray

dififraction studies of pure calcium, barium, and magnesium
stearates have indicated the non-existence of basic and mixed acid

salts of these metals. Studies of the crystal structures'^® of

aluminum dilaurate and aluminum distearate indicate that the acid

radicals attached to the aluminum atom lie side by side, the crystal

structure being similar to that of the sodium soaps.

High Molecular Weight Organometallic Compounds
Until comparatively recently, the high molecular weight organo-

metallic compounds have received scant attention. In a search for

suitable identifying derivatives of the higher aliphatic acids.

Meals has described the preparation of a number of organometal-

iic compounds of sodium, potassium, calcium, lithium, mercury,

tin, and lead. Many of these compounds are low-melting solids;

For example, didodecylmercury melts at 44-44.5°, ditetradecyl-
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mercury at 53-64°, dihexadecylmercury at 61-62°, and diocta-

decylmercury at 66.5-67°. Tetratetradecyl- and tetrahexadecyl-

lead melt at 31° and 42°, respectively. A mixed melting point

of tetrahexadecyllead with tetrahexadecyltin, m.p. 41.5-42.6°,

showed no depression. A number of alkylmetal halides were also

prepared and described during the course of this investigation.

Octylsodium and decylsodium have been prepared from their

respective chlorides by the action of sodium in petroleum ether.

The properties of these compounds are similar to those of pentyl-

sodium; ^ the petroleum ether solutions are pink in color in con-

trast to the blue colorations of butylsodium and its lower homologs.

Their solutions exhibit a decided tendency to form gels. Organo-

sodium compounds are intermediates in the Wurtz reaction,

which proceeds with the initial formation of an alkylsodium fol-

lowed by its reaction with an alkyl halide.

The organosilicon compounds have attracted much recent atten-

tion, and a number of higher alkylsilicon derivatives have been

described. Whitmore and associates have synthesized the higher

alkyltrimethyl- and alkyltriethylsilicons by the reaction of alkyl-

magnesium bromides with silicon tetrachloride to form the alkyl-

silicon trichlorides, followed by the reaction of these compounds

with methyl- or ethylmagnesium bromide. An alternate procedure

comprises the reaction of a higher alkylmagnesium bromide with

trimethyl- or triethylsilicon chloride. The silicon compounds have

lower boiling points and higher densities and refractive indices

than the trimethyl- or triethylalkanes of corresponding molecular

weight. The recent synthesis of octylsilicon trichloride by the

peroxide-catalyzed addition of 1-octene to trichlorosilane, SiHCla,

presents a very interesting method for the preparation of many
higher alkylsilicon derivatives.
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Acetals, 818, 827-^28

ot-aJkoxy, 828

o-bromo, 828

cychc, 828

Acetoacetic ester condensation, 838
Acetone-glycerol, 536

Acetyl vaJue, 303

Acetylenic acids, see Acids—acety-

lenic

Acid bromides, 809

Acid chlorides, analysis, 808

bromination, 808r-809

of bromo acids, 808-809

complexes with aluminum chloride,

848

condensation with c^clohexanesul-

fonates, 780

conversion, to ketones, 847-852

to mtriles, 623, 811

dehydrochlonnation, 810-811

of dicarboxybc acids, hydrogena-

tion, 810

distillation, 808

esterification by glycerol, 532

hydrogenation, 810

of lodo acids, 806

physical properties, 808r^09

pyrolysis, 808

reactions, with alkylzincs, 837

with amines, 583-584

with ammo acids, 811

with ammonia, 583-584

with Grignard reagents, 721

with metal peroxides, 811

with sodium, 810

with sugars, 811-812

synthesis, 933^934

uses, 812

^cid halides, 803-812

conversion to anhydrides, 796

nomenclature, 803

Acid halides (Continued)

physical properties, 808-812

synthesis, 803-808

Acid hydrolysis of fats, 265-269

Acid peroxides, 811

Acids—acetylemc, 163-171

halogenation, 442

and dehydrohalogenation, 455

hydration, 209, 213

hydrohalogenation, 450

mercuration, 467-468

occurrence, 163, 170

oxidation, 421-422, 424, 427

ozomzation, 420

reactions, with arsemc trichloride,

466

with phosphorus trichloride, 466

with sulfuric acid, concentrated,

463

synthesis, 163-164

by dehydrohalogenation, 455-456

Acids—aldehydo, condensation with

malomc acid, 827

oxidation, 919-920

Acids—ci^-alkylsulfonyl, 913

Acids—(tf-alkylthio, 913

Acids—^ammo, from chloro acids, 920-

921

by hydrolysis of amino nitriles, 636,

826-827

mixed glycerides, 564

Acids—oe-amino, from o-halo acids,

458

by reduction of hydantoins, 827

Acids—co-amino, condensation, 601

Acids—cd-aurothio, 913

Acids—branched-chain, 910

p-bromophenapyl esters, 911

Acids—conjugated, halogenation, 443

hydrogenation, 432

pol3mierization, 471-473

945
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Acids—conjugated (Contmtied)

reaction with maleic anhydride,

139-140

Acids—cyclic, 213-228

esters, 511

naturally occurring, 213-228

synthetic, 219-224

Acids—dicarboxylic, 228^246

amides, 594

anhydrides, 238-240, 799-800

]>-bromoanilides, 594

chemical properties, 235-240

condensation with diamines, 601-

602

conversion, to dinitnles, 624

to ketones, 835-836

ciystal spacings, 347

crystal structure, 348-350

cyclization, 235-240

ethyl esters, 494-495, 511-513

of Japan wax, 245-246

ketone formation, 236-238

meltmg points, 326-327, 328

methyl esters, 511-513

nomenclature, 228-229

occurrence, 231

oxidation, 413

physical properties, 229-230

polyesters, with glycerol, 564

with glycols, 529

polymorphism, 349-350

role in metabohsm, 231-233

synthesis, 233-235

from cyano acids, 459

in oxidation reactions, 420, 421,

424, 426-427

toltudides, 594

Acids—dienoic, 119-131

occurrence, 72, 74, 119

Acids—ethylemc, 72-162; see also

Acids—dienoic. Acids—^mono-

ethylenic. Acids—polyethe-

noic. Acids—trienoic

additions, of hydrogen halides, 444-

450

of hypohalous acids, 450-452

of nitrosyl hahdes, 452

amides, 594

arylation, 468-469

Acids—ethyjpnic WVff VMfMV/

autoxidation, 414-418

chemical oxidation, 420-427

classification, 73

distribution m nature, 74^75

fluorination, 439

halogenation, 441-443

and dehydrohalogenation, 455

hydrogenation, 428-434, 437-438

isomerization, 473-477

nomenclature, 79-81

occurrence, 911-912

oxidation, 414r-427, 917-920

ozonization, 418-420

reactions, with chlorosulfonic acid,

461

with formaldehyde, 468

with maleic anhydride, 468

with phosphorus and water, 467

with sulfur, 465

with sulfur dioxide, 464

with sulfur monochloride, 465

with sulfunc acid, concentrated,

459-463

with sulfuric acid and aromatics,

468

with thiocyanic acid, 465-466

refractive indices, 390

solubilities, 382

Acids—2-ethylemc, by decarboxyla-

tion of i8-hydroxy-a,cit-dicar-

boxyhc acids, 827

by dehydrohalogenation, 454, 456-

457

Acids—w-ethylemc, 454

Acids—^hydroxy, 171-197

acylation, 468

in bacterial waxes, 196

in brain lipides, 194-196

conversion, to aldehydes, 816-818

to unsaturated nitriles, 624

cychzation, 175-176

etholide formation, 176

fusion with alkali hydroxides, 474-

475

hydrogenation to dihydric alcohols,

728

lactonization, 175-176

occurrence, 172
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Acids—^hydroxy {Covdinued)

oxidation, 912

polyesters, 510-511

reactions, 173-176

with<chlorosulfonic acid, 461

with sihcon compounds, 468

with sulfur dioxide, 464

with sulfunc acid, concentrated,

459^61
synthesis, 172-173

from 2-halo acids, 456-457

by hydrolysis of 2-hydroxy am-
ides, 826

by hydrolysis of sulfunc esters,

460

in oxidation reactions, 412, 421-

427

in wool wax, 192-194

Acids—keto, 197-213

esters, 511

occurrence, 198

reactions, 198

with phosphorus acids, 466-467

with phosphorus trichloride, 466-

467

reduction, 913

synthesis, 198-200

from acetylemc acids, 463, 467-

468

by action of acid chlorides on al-

kylzmcs, 837

by alkali fusion, 475

in oxidation reactions, 413, 421—

422, 424, 426

Acids—^mercapto, 459, 782

Acids—^monocarboxyhc, absorption

spectra, 393-395, 915

alpharparticle bombardment, 921

angles of tilt, 344

binary mixtures, 363-375

p-bromoamlides, 924

complexes with proteins, starch,

etc., OlO'*

conversion, to acid chlorides, 803-

808

to aldehydes, 814-815

to ketones, 833-834

to nitriles, 621-622

crystal structure, 340-341
i

Acids—^monocarboxylic (CWmued)
dehydration to anhydrides, 794-796

dipole moments, 352

equimolar mixtures, 364-365

esterification by higher alcohols,

757

hydrogenation, 721-723, 725-727,

758

kinetics of esterification, 921-922

monomolecular films, 338

non-occurrence of odd, 12-13

physical properties, 322-410, 915-

917

P3nrolysis, 868-869

reactions, with alkah thiocyanates,

585, 625

with ketene, 797, 800

with oxalyl chloride, 797-798, 807
with phosgene, 806-807

with phosphorus pentachloride,

804

with phosphorus trichloride, 804-

805

with sihcon tetrachloride, 806

with thionyl chloride, 805-806

reduction, to hydrocarbons, 870

by silent electric discharge, 727

separation from resm acids, 915

synthesis, by oxidation of alcohols,

737

by oxidation of aldehydes, 824

by oxidation of dialkyl ketones,

845

Acids—^monoethylemc, 78-119

halogenation, 442

mixtures with saturated acids, 368

occurrence, 72, 74, 79, 170

specific conductances, 391

Acids—polyethenoic, 141-150

of animal origin, 148-150

of aquatic origin, 141-148

by dehydrohalogenation, 456

halogenation, 442-443

hydrogenation, 431

occurrence, 72, 74^ 141, 148, 150

of vegetable origin, 150

Acids—saturated, 1-71

biological oxidation, 413-414

boiling points, 386-^7
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Aeids—i»turated (Continued)

crystal spacmgs, 330, 334^ 336, 340

of mixtures, 364-367

density of liquid, 388^-389

didectric constants, 353

dissociation ccmstants, 378-379

extinction coefficients, 394

freezing points, 323-324

halogenation, 439-440

heats, of crystallization, 325-326,

359-361

of transition, 355

historical considerations, 3-7, 11-12

isolation (historical), 5-7

melting pomts of equimolar mix-

tures, 364

mixtures with monoethylenic acids,

368

molecular extinction coefficients,

394

molecular refractivities, 390

monomolecular films, 399

nomenclature, 2

normal structure of naturally occur-

ring, 13-14

occurrence, 7-14

oxidation, 411-414

parachor values, 390-391

polymorphism, 333-338

reactions, with halogens, 439-440

with sulfur, 465

with sulfuric acid, concentrated,

460

refractive indices, 387-389

solubilities, in orgamc solvents,

379-384

in water, 377-378

specific conductances, 391

specific heats, 391-392

structure (historical), 4-5, 11-12

surface tensions, 390-391

synthesis, 14-18

thermal properties, 359-361

viscosities, 392-393

of waxes, 9-10

Acids—trienoic, 131-141

occurrence, 72, 74, 131-132

Acids—^unsaturated, eee Acids—acet-

ylemc. Acids—ethylenic

Acylations, 847-852

with anhydrides, 802

of coal-tar distillates, 856

of coumarones, 856

of dyes, 856

of hydroxy adds, 468

of indene, 856

of styrene, 856

N-Acylcarbazoles, 312

A(yloins, 838-839

N-Acylsulfanilamides, 616-617, 924

N-Acyl-p-toluenesulfonamides, 312

Additions, of aromatics to ethylenic

compounds, 468-469

of arsemc trichloride to acetylemc

compounds, 466

of bisulfites to aldehydes, 825-826

of halogens, to acetylemc acids, 442

to ethylemc acids, 441-443

of hydrogen cyamde to aldehydes,

826

of hydrogen halides, to acetylenic

acids, 450

to ethylemc acids, 444-450

of hydrogen sulfide to olefins, 771

of hypohalous acids to ethylenic

acids, 450-452

of maleic anhydride, to conjugated

acids, 139-140, 303, 468

to non-conjugated acids, 468

of mercury compounds, to acety-

lemc compounds, 467-468

to ethylemc compounds, 467

of nitrosy] halides to ethylenic acids,

452

of phosphorus to ethylenic bonds,

467

of phosphorus trichloride to acety-

lemc bonds, 466

of pyridine to metallic soaps, 903

of sulfur compounds, to acetylemc

acids, 463

to ethylemc acids) 459-466

of sulfur monochlonde to ethylemc

acids, 465

of thiocyanic acid to ethylemc acids,

465-466

of trichlorosilane to 1-octene, 939
Adipic acid, see Hexanedioic acid



INDEX xfvv

Alcohols, 711-742

absorption spectra, 732-733

angles of tilt, 344

aromatic esters, 742

association, 732

boric acid esters, 754

branched-chain, 734

of carnauba wax, 927

chemical properties, 737-742

condensation, with alkylene oxides,

742

with sulfonated alkylphenols, 780

crystal spacings, 346, 730

crystal structure, 350

dehydration, 738-740, 878-879,

920-930

dehydrogenation, 738-740, 815,

929-930, 934

dielectric constants, 731-732

dihydric, 718, 728; see also Glycols

dipole moments, 352-353

esterification, with higher acids, 757

with hydrogen hahdes, 743-744

with sulfuric acid, 750-752

esters, with inorgamc acids, 742-754

with orgamc acids, 754-758

etherification, 759

by epichlorohydrin, 761

in fat metabolism, 927

heats of combustion, 732

hydrogen bonding, 732

hydrogenation, 737, 870

melting points, 327, 730

molecular volumes, 732

monomolecular films, 399, 401-403

nomenclature, 713

occurrence, 712-714

oxidation, 737, 815, 838

phosphorus acid esters, 754

physical properties, 729-737

polymorphism, 730-731

preparation from waxes, 715-716

pyrolysis, 738-740

reactions, with acetylene, 760

with alkylaimnes, 641-643

with ammonia, 641-643

with ammomum sulfide, 935

with carbon disulfide, 781

with chlorosulfonic acid, 752

Alcohols, reactions (jC<mtinued)

with hydrogen sulfide, 767

with isocyanates, 740-741

with phosphorus halides, 743

with phosphorus oxychloride, 754

with sodium sulfamlate, 781

with sulfuryl chloride, 781

secondary, dehydration, 844

oxidation, 838

synthesis, 720-721, 727, 843-845

sihcic acid esters, 754

solubihties, 734-737

solvent separation, 716

structure of hquid, 732

sulfonation, 780-781

synthesis, 716-728, 927-928

by condensation of carbon mon-
oxide and hydrogen, 728

by deamination of amines, 676-

677

by reduction of aldehydes, 824r-

825

tertiary, 846

dehydration, 876-877

physical constants, 734

.synthesis, 721, 856

unsaturated, esterification with in-

orgamc acids, 746

hydration, 728

by hydrogenation of esters, 725

occurrence, 714r-715

physical constants, 733-734

uses, 930

vapor-phase conversion to amines,

641-643

Alcoholysis, 493, 498-499

m glyceride synthesis, 543-544

partial, 499

stepwise mechanism, 499

Aldehyde polymers, distillation, 820

melting points, 820, 822-823

Aldehydes, 812-829

absorption spectra, 822

additions, with ammonia, 826-827

with bisulfite, 825-826

with hydrogen cyamde, 826

with hydrogen peroxide, 824

condensation, withalcohols,827-828

with hydantoin, 827
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Aldehydes, condensation {Ccntinued)

with ketones, 823-824

with malcaiio acid, 827

conversion, to amines, 643

to nitriles, 623

degradation, 816

a,ae-dimethyl, 818, 820

3,5-dinitrobenzohydrazones, 822

2,4-dmitrophenylhydrazones, 820,

822

dipole moments, 353

fuchsin test, 934

halogenation, 828-829

hydroxy, cychc, 829

ce-hydroxy, 828

o-methyl, 818

p-nitrophenylhydrazones, 820, 822

occurrence, 813, 934

oxidation, 824, 919-920

oximes, 820, 822

phenylsemicarbazones, 822

physical properties, 819-822

polymerization, 819-820, 822-824

reactions, with Grignard reagents,

720-721, 816

with metals, 823

reduction to alcohols, 717, 824r^25

semicarbazones, 820, 322

synthesis, 813-819

from alcohols, 737, 738-740, 929-

930

by hydrogenation of acid chlo-

rides, 810, 934

by hydrogenation of anhydrides,

802

by hydrolysis of aldimines, 635

by oxidative reactions, 420

from ozomdes, 934

uses, 829

Aldimines, 635

Aldol condensation, 823-824, 846

Aldols, 823-824

Aldoximes, 820, 822

dehydration, 625

reduction, 644

Alkanesulfonic acids, electrical prop-

erties of solutions, 777-778

hydrates, 777-778

melting points, 777

Alkanesulfonic acids (ComUnued)

phenylhydrazine salts, 777

physical properties, 776-778

surface active properties, 777-778

synthesis, 774-776

by oxidation of mercapto acids,

459

Alkenediynoic acids, 170

2-Alkenemtnles, 636

Alkenes, see also Olefins

properties of isomeric, 938

1-Alkenes, hydrogenation, 876

oxidation, 919

physical constants, 885-886

synthesis, 876

Alken3moic acids, 170

Alkyl acetates, physical constants,

755-756, 757

pol3anorphism, 355, 755-756, 757

Alkyl acrylates, 931

Alkyl butanoates, 756

Alkyl carbamates, 674

Alkyl docosanoates, 757

Alkyl gallates, 930

Alkyl halides, see Haloalkanes

Alkyl hexadecanoates, 757, 758

Alkyl hexanoates, 757

Alkyl mcotinates, 930

AHqt! octadecanoates, 757, 758

Alkyl orthoBilicates, 930

Alkyl propionates, 756

Alkyl salicylates, 931

Alkyl selenocyanates, 930-931

Alkyl sulfates, hydrolytic action, 932

Alkyl tetracosanoates, 757

Alkylacetic acids, 220-227

aUyl, 227

cyclobutylmethyl, 223

cyclohexyl, 222

«-cyclohexylalkyl, 223-224

(yclohexylmethyl, 222

cydopentenyl, 220

cyclopentyl, 221-222

cyclopentylethyl, 221-222

cyclopropylmethyl, 222-223

undecenyl, 227

Alkylammomum acetates, polymor-

phism, 355

properties, 652
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Alkylammonium chlorides, 652

Alkylammonium salts, aqueous solu-

tions, 658, 660-665

electrical properties, 660-663

osmotic properties, 660

surface tensions, 665

dehydration, 582-^583

double salts with heavy metals, 680

monomolecular films, 403

polymorphism, 666-667

pyrolysis, 677

solubilities, in aqueous ethanol,

664r-665

m ethanol, 665-667

uses, 682-684

Alkylation, of acids, 469-470

of amines, 686-687

of aromatic compounds, 878

2-Alkylbenzimidazoles, 310-311, 617

meltmg points, 310

reactions, 618

1-

Alkyl(^clopentanols, 928-929

N-Alkylethylenediamines, 925

2-

Alkylimidazolines, 619

S-Alkylisothiourea picrates, 749

Alkylmercuric halides, 748

Alkylmetal halides, 939

Alkylphenols, sulfonated, 780

N-Alkylpiperidmes, 925

Alkylsihcon trichlorides, 939

Alkylsulfamlamides, 616-617

l-A]kylthio-2,4-dimtrobenzenes, 770*

Alkyltriethylsibcons, 939

Alkyltrimethylsilicons, 939

Alkylzinc iodides, 837

Allyl alkylacetic acids, 227

Alpha-particle bombardment of satu-

rated acids, 921

Alternation m physical properties,

324-330, 331-332, 336-337,

339-340, 341-342, 361, 379-

380, 590-594, 730, 746

Ambrettolic acid, 185

Amides, 581-613

absorption spectra, 589

association, 587-590

binaiy systems, 598

chemical properties, 602-fil ^

chlorination, 607

Amides {Continued)

condensation^ with ethylene oxide,

610

with glycols, 609

with monomenc glyoxal, 609

dehydration, 603, 621-622

N,N-dialkyl, 610

of dicarboxylic acids, 594

dielectnc constants, 589

dipole moments, 589

freezmg points, 590-594

halogenated, 607-608

hydrates, 603

hydrogen bonding, 588-590

hydrogenation, 603, 648-649

hydrolysis, 602-603, 633

mechamsm of formation, 582-583

melting points, 305, 590-594

methylation, 609

photolysis, 925

physical properties, 586-602

polymerization, 588-590

pyrolysis, 603

reactions, with alkali metals, 609

with chlorinated ethers, 609

with formaldehyde, 610

with Grignard reagents, 610, 837-

838, 852-853

with halogens in alkaline solu-

tion, 603-606, 625

with halomethyl esters, 688

with mtrous acid, 603

rearrangement, 606

resonating structures, 588-590

solubihties, 383, 597-598, 599

structure, 586-590

sulfonation, 607-608

synthesis, 582-586

from alcohols, 935

from ketones, 856-857, 935

from mercaptans, 935

from nitriles, 636

from olefins, 935

tautomerism, 589-590

of unsaturated acids, 594

uses, 606-607

Amidmes, 613-615

Amidoximes, 615

Amine oxides, 675-676
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Aznine salts, see Alkylammonium salts

Amines, 638-654

alkylation, 685-687

N-arylalkyl, 671

aiylation, 687-688

N-benzyldialkyl-, 673

chemical properties, 674-682

complexes with metal salts, 681-682

degradation, 677

dehydrogenation to nitriles, 623

N,N-diben2ylal]Qrl-, 673

N,N-diethylalkyl-, 673

N,N-dimethylalkyl-, 672-673

dipole moments, 352, 353

hydrates, 653-657

oe-hydroxy, 826-827

ionization constants, 670-671

N-methylalkyl-, 671

N-methyldialkyl-, 672

oxidation, 675-676

polymorphism, 653

primary, binarysystems withwater,

653-657

bmling points, 651-652

oonveision to secondary amines,

649-650

freezing points, 651

methylation, 650

physical properties, 650-657

solubihties, 657, 659

vapor pressures, 652

pyrolysis, 677, 880

reactions, with alkylene oxides,

677-679

with carbon dioxide, 674

with carbon disulfide, 674

with chlorohydrins, 680

with ethyl malonate, 680

with mtrouB acid, 676-677

with polyglycols, 679

with sulfur dioxide, 674-675

secondary, conversion to primary

amines, 650

freezing pdnts, 668-660

mechanism of formation, 646-647

melting points, 668-669

methylation, 650

physical properties, 667-672

polymorphism, 333, 667-669

Amines, secondary (CorUmtied)

solubilities, 383, 669-670

sulfation, 680

Bulfonation, 679-680

synthesis, ^9-650
from dialkyl ketones, 845

by Hofmann reaction, 604-605

by hydrogenation of amides, 603

byhydrolysis of alkylisocyanates,
604

by reduction of thioamides, 600

tertiary, conversion to primary

amines, 650

freezing pomts, 672-673

physical properties, 672-673

by pyrolysis of quaternary am-
momum compounds, 694-695

reaction with halo esters, 688, 690

reaction with oe-halo ethers, 688

solubihties, 672-673

uses, 682-684

Amino acids, see Acids—^amino

Amino nitriles, 636

6-Aimnohexanoic acid, 913
Aminopyndmes, 636

Ammonolysis, 271, 584-585

Analytical methods for acids, 300-303

Angles of tilt, of ethyl esters, 514-515

of methyl esters, 517

of 1-monoglycendes, 344

^
of polymorphic forms, 344-345

Anhydrides, 794-803

acylatmg properties, 802
of dicarboxyhc acids, 238-240, 799-

800

hydrogenation, 727, 802
hydrolysis, 801-802

mixed, of acetic acid, 797, 800
of boric acid, 801

of phosphoric acid, 801

of silicic acid, 801

by oxidation of paraflin, 798

solvent crystallization, 289

sulfonation, 802

symmetricfld, 794-799, 800, 801

unsymmetrical, 797, 800-801

uses, 802-803

Anilides, binary totems, 598

halogenated, 608
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Anilides (Ccntmued)

melting points, 304-306, 590-594

solubilities, 383

i^nthesis, 583

2-Amlino acids, 458, 649

Antioxidants, 417-418, 920

Aquatic acids, 75, 77, 141-148

Arachidamide, 593

Arachidic acid, see Eicosanoic acid

Arachidomc acid, 148-149

occurrence, 912

physical constants, 149, 915

structure, 912

Arachidomtrile, 626

Aralkylated acids, 469

Arrhemus equation, 496-498

o-Arseno acids, 467

Arsines, alkyldimethyl-, 782-783

Arsomum compounds, 782-783

Arylation, 468^69
Arylhydrazides, 309

Ascorbic acid, synergistic action with

antioxidants, 920

Z-Ascorbyl esters, 922

Association, of alcohols, 732

of amides, 586-590

of dialkyl ketones, 843

in the liquid state, 386

of long-chain compounds in solu-

tion, 376, 383

(o-Aurothio acids, 913

Autoxidation, 414-418, 917

Azelaic acid, see Nonanedioic acid

Bacterial waxes, 196

Bactericidal acids, 213-228

Bactericidal properties, of arsomum
compounds, 782

of phosphomum compounds, 782

of quaternary ammomum com-

pounds, 686-687, 694, 696,

925-926

Basic hydrolysis of fats, 262, 269-

272

Batyl alcohol, 715, 926-927

Behenamide, 593

Behenic acid, see Docosanoic acid

Behenolic acid, see IS-Docosynoic

acid

Behenonitrile, 626

Benzene sulfonates, alkyl, effect on
protem monoLayers, 916

Benzyl esters, 525

Benzylanilinium alkanesulfonates, 777

B-Benzylthiuronium habde deriva-

tives, of acids, 310

of alcohols, 753

Binary mixtures, of acids, 363-375

crystal structure, 365-366

polymorphism, 366

of alcohols, 370

of alkylammonium salts with water,

658,659

of amides, 371, 598

of amines with water, 653-657

of amhdes, 371, 598

of hydrocarbons, 370-371, 883-884

of 1-iodoalkanes, 370

of mtriles, 628-629

of saturated with unsaturated acids,

368

of simple alkyl esters, 370, 371, 514,

518-521

of simple triglycerides, 551

solubilities, 381

of unsaturated acids, 374-375

Binary systems, decanoic-dodecanoic

acids, 366, 370, 372, 373

decanoic-tridecanoic acids, 366

decanoic-undecanoic acids, 366, 367

dodecanoic-hexadecanoic acids, 368

dodecylamine-water, 654-657

dodecylammomum acetatc-watcr,

658

dodecylammonium chlonde-water,

658

ethyl decanoate-dodecanoate, 519

ethyl dodecanoate-tetradecanoatc,

519, 520

ethyl heptadecanoato-octadecano-

ate, 519

ethyl hexadecanoate-heptadecano-

ate, 519

ethyl hexadecanoate-octadecano-

ate, 366, 370, 518

ethyl tetradecanoate-hexadecano-

ate, 519

heptadecane-octadecane, 883
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Binary systems {C<mi%nued)

heptadecanoio-octadecanoic acids,

368, 369-370

hexadecanamide-octadecanamide,

598

hexadecanamlide-octadecananilide,

598

hexadecane-heptadecane, 883

hexadecane-octadecane, 366, 370-

371, 883, 884

hexadecanenitrile-octadecaneni-

tnle, 629

hexadecanoio-daidic acids, 368

hexadecanoio-heptadecanoic acids,

368, 369-370

hexadecanoic-octadecanoic acids,

363, 366-367, 368-369, 381,

382

hexadecanoic-oleic acids, 368, 374

hexadecanoio-tetracosanoic acids,

368

1-hexadecanol-octadecanol, 370

horse serum-sodium dodecyl sul-

fate, 916

1-iodohexadecane-iodooctadecane,

370, 745-746

hnoleic-lmolemc acids, 374, 375

methyl hexadecanoate-octadecano-

ate, 371, 519-520

octacosanoic-triacontanoic acids,

373

octadecanoic-eicosanoic acids, 367,

373

octadecanoic-oleic acids, 374

octadecanoic-tetracosanoic acids,

368

octadecylamine-acetic acid, 653,

655

octadecylamine-water, 654-657

octadecylammomum chlonde-wsr-

ter, 658

octylamine-water, 654r-657

oleio-hnoleic acids, 374-375

oleic-hnolenic acids, 374, 375

tetradecanoic-hexadecanoic acids^

368

tricosanoio-tetracosanoic acids, 369

undecanoic-dodecanoic acids, 371,

372

Biological oxidation, of dicarboxylic

acids, 232-233

of fats, 831

of saturated acids, 232, 413-414,

919

Biological synthesis, of esters, 494

of glycerides, 542

Bomyl esters, 526

Bouveault and Blanc reaction, 717-

720

Brain lipides, 194-196

Brassidamide, 594

Brassidic acid, 116-117

oxidation, 424, 426

physical constants, 117, 391 •

reaction with hypohalous acids, 451

structure, 117

Brassidic anhydride, 799

Brassylic acid, see Tridecanedioic acid

Bromination, of acid chlorides, 808-

809

of eleostearic acid, 443

of 6-hydroxycaproic lactone, 923

of linoleic acid, 121-125, 442-443

of linolemc acid, 132-135, 443

of mtnles, 636

of oleic acid, 442

of saturated acids, 439-440

2-Bromo acids, 456-457

Bromo amines, 691

2-Bromo mtnles, 636

Bromoalkanes, boihng points, 931

conversion to 1-alkenes, 880

densities, 931

dipole moments, 353

melting points, 327, 328, 745

reduction to hydrocarbons, 873

refractive indices, 931

synthesis, 744

Broihoalkenes, 746

p-Bromoanilides, 594

p-Bromobenzenesulfonates, 779

Bromobutane, 353

Bromodecane, 328, 745, 913

Bromododecane, 328, 745, 931

Bromoheptadecane, 328, 745

Bromoheptane, 353, 931

Bromohexadecane, 328, 745

Bromohexane, 931
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Bromohydrins, 746

a-Bromo^-naphthyl amides, 594

BFomononane, 931

Bromooctadecane, 328, 745

Bromooctane, 931

Bromopentadecane, 328, 745

Bromopentane, 745

Bromotetradecane, 328, 745

Bromotndecane, 328, 745

Bromoundecane, 328, 745, 931

‘‘Bull’s Ci6 acid,” 97

Butanal, 353

Butane, 329

Butanedioic acid, physical constants,

^ 230, 327, 328, 347, 350

po^morphism, 350

Butanemtnle, 352-353, 626, 628

Butanethiol, 768

Butanoic acid, 19, 325, 352, 353, 392,

393

Butanol, 352, 353

Butyl dodecanoate, 493

Butyl oleate, 718r-719

Butylamine, 353

Butyric acid, see Butanoic acid

Butjrnc fermentation, 19

Butyromtnle, see Butanemtnle

Capraldehyde, 821

Capramide, 593

Capric acid, see Decanoic acid

Capnmtnle, 626, 627, 628

Caprione, 840

Caproaldehyde, 821

Caproamide, 593

Caproic acid, see Hexanoic acid

Caprone, 840

Capromtnle, 626, 627, 628

Caproyl chloride, 809

Capiyl chloride, 809

Caprylaldehyde, 821

Capzylanude, 593

Capryhc acid, see Octanoic acid

Capiylone, 840

Capiylonitrile, 626, 627, 628

Caprylyl chloride, 809

Carbamates, alkyl, 742

Carbazoles, N-acyl-, 312

Carboceric acid, 55

Carbol^ydrate esters, 567-571

Carboxyl groups, orientation, 341,

342

Carnauba wax, 713, 927

Carnaubic acid, 51

Carotenoids, antioxidative properties,

418

Castor bean lipase, 276-276

Castor oil, alcoholysis, 498

dehydration, 129-131

hydrogenation, 726-727

pyrolysis, 90-91, 129-131

reaction with sulfuric acid, concen-

trated, 459-460, 461

Catalysts, acylation, 802, 848-852

alcoholysis, 498, 499, 543, 544

ammation of alcohols, 641-643

ammonolysis, 585

arylation of ethylenic bonds, 468-'

469

decarboxylation, 833-834

dehydration, 738-740, 929-930

dehydrogenation, 738-740, 815,

929-930

esterification, 493-495, 531, 532,

542, 568, 569, 570, 744

halogenation, 439, 440

hydrogenation, 429, 432, 433-437,

438, 647-648, 722-725, 758

poisons, 726

promoters, 724

relative effects, 726

hydrolysis of fats, acids, 265-269,

543

aluminum chloride, 269

bases, 262, 269-272

enzymes, 274-279

sulfur dioxide, 269

Twitchell reagents, 266-269

hydrolysis of mtnles, 633-634

hydrolysis of proteins, 932

isomerization, 476, 921

mtnle formation, 622, 623, 624

oxidation, 412, 417, 421, 423, 426,

427, 737, 815

pyrolysis^ 477, 478

sulfonation, 464

Cellulose esters, 567-570

Cellulose ethers, 762
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Cerebromc acid, 105-196

oxidation, 49

Geromelissic acid, 59

Ceroplastic add, 60

Cerotic acid, see Hexacosanoic acid

Getoleic acid, 117

Cetyl, see Hexadecyl

Characterizing derivatives, of acids,

303-312,924

of alcohols, 740, 742, 749, 758, 929

of aldehydes, 820, 822

of aikanesulfonic acids, 777

of branched-chain acids, 911

of dicarboxylic acids, 308

of haloalkanes, 932

of ketones, 839-840, 853, 855

of mercaptans, 770

Chaulmoogramide, 594

Chaulmoogric acid, 213-218

occurrence, 213

physical constants, 217

preparation, 217

structure, 214r-216

synthesis, 216-217

Chaulmoogiyl alcohol, 720

Chaulmoogiylacetic acid, 220

Cheiranthic acid, 102-103

Chimyl alcohol, 715, 926-927

Chlorination, of amides, 607

of esters, 440, 920

of saturated acids, 439-440

Chloro acids, 920-921

Chloroacetamides, 608

6i>-Chloroacetophenones, 924

Chloroalkanes, 353, 745, 931

Chlorobutane, 353

Chlorodecane, 745, 931

Chlorododecane, 931

Chloroheptane, 353, 745, 931

Chlorohexane, 745, 931

Chlorohydrins, 452, 770

Chlorononane, 745, 931

Chlorooctane, 745, 931

Chloroundecane, 745, 931

Cholesteric phase, 565

Cholesteiyl esters, 564-566^ 923

Chromatographic adsorption, 500,

913-914

Clemmensen reaction, 856

Climate, effect on composition oS fats,

9-9, 74, 75-78

Clupanodonic acid, 142-143, 147-148,

150

Cluytinic acid, 46

Cocinsaure, 32

Colloidal behavior of alkylammonium
salt solutions, 660-665

Conductivities of solutions, of aJkyl-

ammonium salts, 660-663

of metalhc soaps, 903

of quaternary ammonium com-
pounds, 695-696

Conjugation, by ethylenic bond mi-

gration, 476

in polymerization reactions, 471-

473

Convergence temperatures, 326, 346-

347, 354, 361

Convolvulmolic acid, 183-184

Copper chromite catalyst, 724^725

Couepic acid, 212

Cresyl esters, 524

Cnegee reaction, 919

Crystal spacings, of acid mixtures,

364-367

of alcohols, 346, 730

of dicarboxylic acids, 347

of esters, of dicarboxyhc acids, 347

of monocarboxylic acids, 331,

345, 514-515, 517

of hydrocarbons, 882

of 1-iodoalkanes, 346

of monocarboxylic acids, 330-331,

334, 336, 340

of 1-monoglycerides, 346

of oleic acid, 915

of simple triglycerides, 547-550

of soaps, 345, 888

Crystal structures, of binary acid mix-

tures, 365-366

of diglycerides, 559

of dihexadecyl ether, 759-760

of esters, of dicarboxylic acids, 518

of monocarboxylic acids, 513-518

of hexadecyl hexadecanoate, 758

of hydrocarbons, 341

of monocarboxylic adds, 340-841

of simple triglycerides, 549-550
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Crystal structures {Ccmlinvad)

of triacid triglycerides, 558

of UDsaturated symmetrical tri-.

glycerides, 555

Ciystallization:—^fractional, see also

Ciystallizatioii:—^solvent

low-temperature, 286-289, 500

non-solvent, 280-281

Crystallization—solvent, 281-289

of acids, 286-289

of anhydrides, 289

of esters, 499-600

of soaps, 281-286

Cyano acids, 459

Cyanohydrins, see 2-Hydroxyalkane-

nitriles

Cyclic acids, see Acids—cyclic

Cyclization, of chloroalkyl sulfides,

770

in dehydrogenation, 930

of dicarboxylic acids, 235-240

of a-halo-<i)-aminoalkanes, 620

of hydroxy acids, 175-176

in ketone formation, 835-836

in quaternary ammonium com-
pound formation, 690

Cyclobutylmethyl alkylacetic acids,

223

w-Cyclohexyl acids, 220-221, 222,

223-224

Cyclohexyl alkylacetic acids, 222

ci^-Cyclohexylalkyl alkylacetic acids,

223-224

Cyclohexylmethyl alkylacetic acids,

222

Cyclopentenyl acids, see Chaulmoo-
gric acid, Hydnocarpic acid,

Gorlic acid

2-Cyclopentenyl-2-alkylacetic acids,

220

Cyclopentyl alkylaceticacids,221-222

N-Cyclopentyl amides, 596

Cyclopentylethyl alkylacetic acids,

221-222

Cyclopropylmethyl alkylacetic acids,

222-223

Dakin synthesis, 836-837

Daturic acid, 38

Deamination, 676-677

Decanal, 821

Decanamide, 593

Decane, 329, 357, 881, 936

Decanedioic acid, 230, 244, 327, 328,

347,348

Decanenitrile, 626, 627, 628

Decanethiol, 768

Decanoic acid, 27-29, 323, 324, 325,

330, 351, 387, 389, 390, 391,

393

Decanoic anhydride, 799

Decanol, occurrence, 713

physical constants, 352, 729

Decanoyl chloride, 809

Decarboxylation, by alpharparticle

bombardment, 478, 921

of 2-anilino acids, 649

of fats by bacteria, 478

ofi3-hydroxy-c(,oe-dicarboxylic acids,

827

by pyrolysis, 477-478

of soaps to ketones, 831-833

Decenoic acids, 89-90

Decenol, 714

Decylamine, 651-652, 671

Decylsodium, 939

2-Decynoic acid, 165

Degradation of aldehydes, 816

Dehalogenation, 452-459

Dehydrating agents for nitrile forma-

tion, 621

Dehydration, of acids, 794-796

of alcohols, 738-740, 844, 876-877,

876-879, 929-930

of aldols, 823

of aldoximes, 625

of alkylammonium salts, 582-583

of amides, 603, 621-622

of ammonium soaps, 582-683

of castor oil, 129-131

of cyanohydrins, 826

of glycols, 728

of 2-hydroxy aldehydes, 828-829

of ricinoleic acid, 129-131, 188, 463

Dehydrogenation, of alcohols, 738-

740, 815, 929-930

of aldehydes, 934

of 2-alkylimidazolines, 619
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Dehydrogenation {Conimwed)

by alpha-partide bombardment,

478,921

of amines, 623

by silent electric discharge, 438

Dehydrohalogenation, 452-459

of acid chlorides, 810-811

of 2-bromo nitriles, 636

of 1,1-dihalohydrocarbons, 828

of haloalkanes, 878-879

Dehydrosulfidation of mercapto acids,

459

Densities, of acids, 388-389

of haloalkanes, 931

of hydrocarbons, 881, 936-936

of nitriles, 628

Derivatives, see Characterizing deriv-

atives

Diacylsulfanilamides, 616-617

Dialdehydes, 810

Dialkyl adipates, 931

Dialkyl sulfates, 750-751

Dialkylacetic acids, 224r-226

Dialkylcadmiums, 913, 936

Dialkylzincs, 837

Diamides, of 4,4-diaminodiphenyl-

methane, 311

of dicarboxyhc acids, 594

Diamidines, 615

Diamines, condensation with dicar-

boxylic acids, 601-602

synthesis, 648

a,a9-Diamines, 673-674

Dibasic acids, see Acids—dicarboxylic

N,N-Dibromo amides, 604

a,<D-Dibromoalkanes, 746

Dibromooctadecanoic acids, 454

Dicarboxylic acids, see Acids—dicar-

boxylic

Dichlorohydrocarbons, 870-871

Didecylamine, 668

Didodec^lamine, 668, 671

Didodepylmercury, 938

Dielectric constants, of alcohols, 731-

732

of amides, 589

of saturated acids, 353

Dielectric properties, of haloalkanes,

931

Dielectric properties ijCovdinued)

of polyamides, 924-925

of simple alkyl esters, 518

Diels-Alder reaction, 471-473

Dienoic acids, see Acids—dienoic

Diethers, of p-azomethynephenol, 765

of p-azoxyphenol, 765

of dihydroxybenzenes, 764-765

Diethyl docosanedioate, 347

Diethyl hexanedioate, 495

Diethyl nonanedioate, 495

Diethyl octadecanedioate, 347

Diethyl octanedioate, 495

Diethyl tetradecanedioate, 347

Diethyl tetratriacontanedioate, 347

Diethyl triacontanedioate, 347

Diethyl tridecanedioate, 347

Diethylenic acids, see Acids—dienoic

Diglycerides, by alcoholysis, 499

crystal structure, 559

physical properties, 558-561

polymorphism, 559-560

unsaturated, 560-561

1.2-

Diglycerides, optically active, 560

Bjmthesis, 538-539

Dihaloalkanes, from aldehydes, 828

conversion, to dihydric alcohols, 728

to dimtriles, 625

reactions, with magnesium, 749

with sodiomalonic ester, 749

with sodium, 875

reduction, 844

Diheptadecyl ketone, 840

Diheptadecylamme, 668

Diheptyl ketone, 840

Diheptylamine, 668

Dihexadec^l ether, 759-760

Dihexadecylamme, 668

Dihexadecylmercury, 939

Dihexyl ketone, 840

Dihexylamine, 668, 671

Dihydrochaulmoogric acid, 217-218

Dihydrohydnocaipic acid, 217-218

N,N-Di(2-hydroxyethyl) amides, 597

2.3-

Dihydroxypropyl dodecyl ether,

932

Diketones, 610, 810, 839

Dihnoleic acid esters, 924

Dimercaptans, 771, 933
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Dimeric acids, condensation with di-

amines, 924

N,N-Dimethyl amides, 597

Dinitnles, hydrogenation, 648

synthesis, 624

Dinonyl ketone, 840

Dinonylamine, 668

Dioctadeqylamme, 668, 671

Dioctadec^lmercury, 939

Dioctyl ketone, 840

Dioctylamine, 668, 671

Diols, see Alcohols, dihydric; Glycols

Dipentade<yl ketone, 840

Dipentadecylamine, 668, 671

Dipentyl ketone, 840

N,N-Diphenyl amides, 597-598

Dipole moments, of amides, 589

of long-chain compounds, 351-353

of nitnles, 631

Diquaternaiyammonium compounds,

688

Disproportionation reactions of ke-

tones, 835

Dissociation constants of saturated

acids, 378-379

Distillation, 289-298

of acid chlorides, 808

of alcohols from carnauba wax, 927

of aldehyde polymers, 820

commercial, 295-298

fractional, 499, 500

laboratory, 291-295

molecular, 295

polymerization during, 915

Distillation apparatus, 291-295

Disulfides, dialkyl, 773-774

oxidation, 774, 775-776

reduction, 767, 774

Disulfones, dialkyl, 774

Ditetradecylamme, 668

Ditetradepylmercury, 938-939

Dithiocarbamates, 674

Ditridepyl ketone, 840

Ditridecylamine, 668, 671

Diundecyl ketone, 840

Diundecylamine, 668

Docosahexaenoic acids, 144, 148

Docosanamide, 593

Docosane, 357, 363, 882

Docosanedioic acid, 246, 347

Docosanenitrile, 626

Docosanoic add, 47-48, 323, 324, 325,

330, 334, 336, 337, 391

Docosanoic anhydride, 799

Docosanol, 346, 729

Docosapentaenoic acid, 142-143, 149,

150

Docosenoic acids, 115-118

2-docosenoic, 118

ll-docosenoic, 117

13-docosenoic, see Brassidic acid,

Erucic acid

Docof^lamine, 651, 671

13-Docosynoic acid, 170-171

from erucic acid dibromide, 455

mercuration, 468

oxidation, 421-422

reactions, with arsenic trichloride,

466

with sulfuric acid, concentrated,

463

Dodecanal, 821

Dodecanamide, 593

Dodecane, 329, 357, 881, 936

Dodecanedioic acid, 230, 244-245,

327, 328, 347, 912

Dodecanenitnle, 626, 627, 628

Dodecanethiol, 768

Dodecanoic acid, 30-31

alpha-particle bombardment, 921

physical constants, 30, 323, 324,

325, 330, 351, 352, 387, 389,

390, 391, 392, 393

Dodecanoic anhydride, 799

Dodecanol, occurrence, 713

physical constants, 352, 729

Dodecanoyl chloride, 809

Dodecenoic acids, 92-93

N-Dodecyl amides, 595, 596

Dodecylamine, hydrates, 654-656

physical constants, 651-652, 671

Dodecylammonium acetate, 651, 653

Dodecylammonium salts, 653

Dodecyhnercuric chloride, 933

Doeglic acid, 114r-115

Dohexacontane, 357, 882

Dorosomic acid, 40

Dotetracontane, 936
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Dotriaoontane, 882, 936

Dotriaoontanoic acid, 59, 323, 324,

334

Dotriacontano], 346^ 729

Eicosanamide, 593

Eicosane, 357, 882

Eicosanedioic acid, 245

Eicosanenitrile, 626

Eicosanoic acid, 43-46, 323, 324^ 325,

336,337

Eicosanoic anhydride, 799

Eicosanol, occurrence, 713

physical constants, 729

Eicosapentaenoic add, 144

Eicosatetraenoic adds, 144, 148-149,

912

Eicosenoic acids, 114-115

Elaidamide, 594

Elaidic acid, 104, 110-111

fluorination, 439

hydrogenation, 430

isomerization, 104

oxidation, 421-427, 917

physical constants. 111, 391

reactions, with hypohalous acids,

451-452

with thioQyanic acid, 465

Elaidic anhydride, 799

Elaidinization, of erucic add, 116-117

of linoleic acid, 125-126

of oldc acid, 110

of ricinoleic acid, 190

and ultraviolet absoiption, 915

Elaidone, 840

Elaidonitrile, 631

Elaidc^l chloride, 808, 933

Elaidyl alcohol, 733

Elaidyl aldehyde, 822

Electrolytic reduction of unsaturated

compounds, 437

Electrolytic synthesis of hydrocar-

bons, 877-878

Electrophoretic studies of protein

monolayers, 916

Eleostearic acid, 137-140

bromination, 443

hydrogenation, 432

oxidation, 918

Eleostearic add {C<ndinued)

physical constants, 137, 139, 390,

394

polymerization, 473

Emulsifying properties of soaps, 898

Enanthaldehyde, see Heptanal

Enanthamide, 593

Enanthic acid, see Heptanoic acid

Enanthone, 840

Enanthonitnle, 627, 628

Enanthyl chloride, 809

Entropies of long-chain compounds,

360-361

Environment, effect on composition

of fats, 8-9, 74, 75-78

Enzymatic hydrolysis of fats, 274r-279

Epoxides, from halohydrins, 450-452

by oxidative reactions, 422, 424,

425, 919-920

Epoxystearic adds, 919

Equimolar mixtures of acids, 364-365

Erucamide, 594

Erudc acid, 115-116

elaidinization, 116-117

oxidation, 423, 424, 426

physical constants, 116, 391

preparation, 912

reactions, with hypohalous acids,

451

with sulfuric acid, concentrated,

460

with thiocyanic acid, 465

structure, 115, 117

Erucic anhydride, 799

Erucyl alcohol, 733

Erythrogenic acid, 170

Ester interchange, see Alcoholysis

Esterases, 274, 277-279

Esterification, 493-498

of alcohols, with higher acids, 757

with hydrogen halides, 743-744

with phosphorus halides, 743

with sulfuric add, 750-752

by enzymes, 494

in ethanol, 498

of glycerol, with add chlorides, 532

with acids, 530-532

of glycols with inorganic acids, 746
of hydroxyalkyl ethers, 762
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Esterification (Continued)

kinetics, 495-498, 921-922

in methanol, 497

of oleyl alcohol with sulfuric acid,

761

probability considerations, 496-498

rate, effect of molecular weight, 497,

498

effect of unsaturation, 496

of unsaturated alcohols with inor-

ganic acids, 746

vapor-phase, 494

Esters, 492-580; see also Glycerides

acetoacetic ester condensation, 838

ammonolysis, 584-585

of aromatic alcohols, 524-526

of carbohydrates, 567-571

of cellulose, 567-570

chlorination, 440, 920

of cholesterol, 564

conversion, to acyloins, 838-839

to amines, 643

to ketones, 833-834

to nitnles, 622-623

of cyclic acids, 511, 525

of cycloaliphatic alcohols, 524r-526

of dicarboxylic acids, 494r-495, 931

and aromatic alcohols, 524r-525

reduction, 718

structure, 518

of 9,10-dihydroxyoctadecanoic

acids, 923

of dilinoleic acid, 924

of diols, 527-529, 810

of elaidic acid, 509

of glycerol, 529-564

of glycols, 527-529

of higher alcohols, and aromatic

acids, 742, 758

and boric acid, 754

and inorganic acids, 742-754, 781

and organic acids, 754-758, 931

and phosphorus acids, 754

physical constants, 504r*506

pyrolysis, 880

and silicic acid, 754

sulfonation, 781

hydrogenation, 721-723, 725-727,

737-738, 758

Esters (Continued)

of hydroxy acids, 510-511, 923

of N-hydroxyalkyl amides, 609

isomeric, 504, 506, 507

/3-keto, 838

of keto acids, 511

of methylol amides, 611

monomolecular films, 401-403*

of oleic acid, 509

of plant alcohols, 566-567

of polyhydric alcohols, 526-564,

567-571, 924

of pol3rpentaerythrito]s, 924

reduction, by silent electric dis-

charge, 727

by sodium, 717-720, 927-928

of ricinoleic acid, 510

of secondary alcohols, 506-507

simple alkyl, 492-524

binary systems, 518-521

dielectric properties, 518

hydrolysis, 521-524

kmetics of hydrolysis, 521-522;

524

physical properties, 500-521, 922

polymorphism, 513-518

purification, 499-^500

pyrolysis, 458, 524

Raman spectra, 518

reaction with Grignard reagents,

721-734

saponification, 521-524

solubihties, 504

structure, 513-518

synthesis, 458, 492-499, 634, 717

ternary systems, 519

of sorbitol, 924

of starch, 570

of sterols, 564-566

of stigmasterol, 566

of sugars, 571

of thio acids, 508

of tocopherols, 567

unsaturated, methoxymercuration,

923

physical constants, 507-509

polymerization, 524

of xanthophyll, 567

Etherification, 759-765
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Ethers, 758-765

alkyl aryl, 762-765

cleavage* 765

hydrogenation, 765

sulfonation, 763

amino, 781

benzyl alkyl, 763

chloromethyl alkyl, 761

dialkyl, 759-762

symmetrical, 759-760

unsymmetncal, 760-761

l,3-dihydroxypropyl-2 alkyl, 761-

762

hydrogenation, 727

by hydrogenation of anhydrides,

802

hydroxyalkyl, 761-762

hydroxyaiyl, 764

p-hydroxybenzyl, 932

hydroxycyclohexyl alkyl, 764

methaUyl alkyl, 760

naphthyl alkyl, 763

p-nitrophenyl alkyl, 763

phenyl alkyl, 763

tolyl alkyl, 763

vinyl alkyl, 760

Etholide formation, 176

p-Ethoxyanilides, 595

Ethyl decanoate, physical constants,

358,362
synthesis, 499

Ethyl docosanoate, 345, 356, 358, 362

Ethyl dodecanoate, physical con-

stants, 358, 362, 502

synthesis, 499

Ethyl dotriacontanoate, 356

Ethyl eicosanoate, 345, 356, 358, 362

Ethyl elaidate, 509

Ethyl esters, an^es of tilt, 344

crystal spacings, 345, 514r-515

of dicarboxylic acids, 511-513

caystal spacings, 347

dielectric constants, 353

freezing points, 358

heats, of crystallization, 361, 362

of transition, 362

melting points, 355, 356, 358

polymorphism, 355, 356, 513-516

specific heats, 361, 362, 391-i392

Ethyl esters (Contimted)

structure, 513-516

thermal prc^rties, 361, 362, 515-

516

Ethyl heneicosanoate, 345, 358

Ethyl heptadecanoate, 34^ 358, 362

Ethyl h^acosanoate, 356, 358, 362

Ethyl hexadecanoate, 331, 345, 353,

356, 358, 362, 503, 514, 516

Ethyl hexanoate, 358

Ethyl hexatetracontanoate, 356

Ethyl hexatriacontanoate, 356

Ethyl linoleate, physical constants,

395, 508

polsrmerization, 472-473

synthesis, 494

Ethyl hnolenate, ozonization, 420

physical constants, 395, 508

synthesis, 494

Ethyl nonadecanoate, 345, 358, 362

Ethyl nonanoate, 362

Ethyl octacosanoate, 356

Ethyl octadecanoate, 331, 345, 353,

355, 356, 358, 362, 503, 514,

516

Ethyl octanoate, physical constants,

358,362

synthesis, 499

Ethyl octatriacontanoate, 356

Ethyl oleate, hydrogenation, 726

physical constants, 395, 509

Ethyl pentadecanoate, 358

Ethyl ricinoleate, 510

Ethyl tetracosanoate, 345, 356, 358,

362

Ethyl tetradecanoate, physical con-

stants, 355, 358, 362,' 502

synthesis, 493, 499

Ethyl tetratriacontanoate, 356

Ethyl triacontanoate, 356, 358, 362

Ethyl tricosanoate, 345

Ethyl tridecanoate, 362

Ethyl undecanoate, 353, 362

Ethylene glycol esters, 528

Ethylenic acids, see Acids—ethylenic

Ethylenic compounds, mercuration,

467

Ethynyl carbinols, 728

Even distribution, law of, 9, 73
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Fat hydrolysis, see Hydrolysis, of fats

Fats, ammonolysis, 271, 584^685

autoxidation, 414-418

biological oxidation, 831

pyrolysis, 868-869

saponification, 261-263, 269-271,

272

Fibers, from polyamides, 602

treatment, with amides, 612

with disubstituted ureas, 613

Fluorination of aliphatic compounds,

439

Fluoroalkanes, 747

Fluorodecane, 747

Fluoroheptane, 747

Fluorohexadecane, 747

Fluorooctane, 747

Fluoropentane, 747

Fractional crystallization, see Crystal-

lization—solvent

Freezing points, of binary acid mix-

tures, 368-373

calculation, 356-359

Friedel-Crafts reaction, 468-469, 802,

847-852, 878, 937

Fries rearrangement, 850-853

Furfuryl esters, 525, 922

Gadoleic acid, 114-115

Gardmol, 751

Geddic acid, 59-60

Glucoside esters, 545

Glucosides, alkyl, 571

Glutaric acid, see Pentanedioic acid

Glycerides, see also Diglycerides, 1-

Monoglycerides, 2-Monoglyc-

erides, Triglycerides

biological synthesis, 542

hydrolysis, see Hydrolysis, of fats

mixed, of amino acids, 564

of aromatic acids, 564

nomenclature, 529-530

optically active, 539-541

physical properties, 545-564

pyrolysis, 868-869

synthesis, 530-544

synthetic, 529-564

Glycidyl esters, 922

Glycines, alkanoyl-, 925

Glycol diacetates, 755-756

Glycol esters, 527-529

Glycol polyesters of dicarboxylic

acids, 529

Glycolic acids, 846-847

Glycols, dehydration, 728

esterification with inorganic acids,

746-747

melting points, 734

symmetrical, substituted, 839

Goldschmidt equation, 495, 497, 921-

922

Gorlic acid, 213, 218

Gossypol, antioxidative properties,

418

Gossypyl esters, 567

Graining, 280-281

Grignard reactions, of aldehydes, 816

of diamides, 610

of nitriles, 635-636

in synthesis of alkyl aryl ketones,

852-853

Grignard reagents, complexes with

haloalkenes, 876

conversion to hydrocarbons, 875,

876

reactions, with acid chlorides, 721

with aldehydes, 720-721

with alkylsihcon chlorides, 939

with amides, 837-838, 852-853

with esters, 721, 734

with ethyl orthoformate, 818

with formaldehyde, 720

with halo acids, 469-470

with ketones, 846, 856, 876-877

with nitriles, 837-838, 852-853

synthesis, 748-749

Gum guaiac, antioxidative proper-

ties, 418

Halo acids, dehalogenation, 452-459

dehydrohalogenation, 452-459

reactions, with alkali arsenates, 467

with alkali cyanides, 459

with alkali hydrosulfides, 459

with alkali sulfides, 465

with alkalies, 454-456

with amines, 458

with ammonia^ 458
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Halo acids, reactions {CorUiniied)

with Grignard reagents, 469-470

with merci4)tides, 770-771

with phenol, 458-459

with silver, 457

with sulfites, 459, 464

Halo esters, 688, 690

oe-Halo ethers, 688

Haloalkanes, alkylations, 878

condensations, with alkali metals,

873-875

with magnesium, 875-876

conversion, to arsonium com-
pounds, 782-783

to hydrocarbons, 872-876

to nitriles, 624r-625

tophosphonium compounds, 782-

783

dehydrohalogenation, 878-879

etherification, by alkoxides, 759-

760

by alkylidene glycerol, 761-762

by aralkyhdene glycerol, 761-762

by glycerol, 761

by glycols, 761

melting points, 745

pyrolysis, 879

reactions, 747-750

with alkah hydrosulfides, 766

with alkali mercaptobenzothi-

azoles, 782

with alkali metals, 748

with alkali selenocyanates, 930-

931

with alkali sulfides, 769

with alkah sulfites, 776

with alkali thiocyanates, 749-

750

with amines, 641, 685-687

with ammonia, 639-641

with hydrazine, 693

with magnesium, 74&-749

with mercaptides, 769-770

with silver soaps, 458

with sodium amide, 640

with thiourea, 766-767

synthesis, 743-746

Haloalkoxyalkanes, 781

Halogenation, 438-443

Halogenation (Continued)

of acetylenic acids, 442

of cqnjugated acids, 443

of ethylenic acids, 442-443

of hydroxyalkyl ethers, 762

kinetics, 441

of saturated acids, 439-440

of unsaturated acids, 441-443

p-Halophenacyl esters, of dicarbox-

ylic acids, 308

of monocarboxylic acids, 307

Heats, of combustion, of alcohols,

732

of hydrocarbons, 936

of crystallization, see also Thermal

properties

of ethyl esters, 361, 362

of hydrocarbons, 361, 363

of long-chain compounds, 359-

363

of methyl esters, 361, 362, 363

of saturated acids, 325-326

of fusion of dialkyl ketones, 843

of transition, see also Thermal prop-

erties

of ethyl esters, 362

of hydrocarbons, 363

of long-chain compounds, 359-

363

of saturated acids, 355

Hell-Volhard-Zelinsky reaction, 440

Hemiacetals, 828

Heneicosane, 882

Heneicosanedioic acid, 245, 246

Heneicosanoic acid, 46-47, 323, 324,

336,337

Heneicosanol, 729

Hentetracontane, 936

Hentriacontane, 882

Hentriacontanoic acid, 59, 323, 324

Heptacontane, 357, 382

Heptacosane, 882

Heptacosanoic add, 55, 323, 324, 336,

337

Heptadecanal, 821

Heptadecane, 329, 357, 881

Heptadecanedioic add, 230, 245, 327,

328

Heptadecanenitrile, 627, 628
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Heptadecanoic acid, 38-40, 323, 324,

325, 330, 336, 337, 355, 387,

389, 390

Heptadecanoic acids, isomeric, 226

Heptadecanoic anhydride, 799

Heptadecanol, V29
2-Heptadecenoic acid, 99

Heptadecylamine, 651-652, 671

Heptadecylammonium acetate, 651

2-Heptadecynoic acid, 167

Heptanal, hydrogenation, 934

physical constants, 353, 821

pyrolysis, 934-935

Heptanamide, 593

Heptane, 329, 357, 881, 936

Heptanedioic acid, 242

physical constants, 230, 242, 327,

328, 347, 348, 349-350

polymorphism, 349-350

Heptanenitnle, 627, 628

Heptanethiol, 768

Heptanoic acid, 22-23, 323, 324, 325,

353, 387, 389, 390, 392

Heptanoic anhydride, 799

Heptanol, 352, 353, 729

Heptanoyl chloride, 809

Heptatriacontane, 936

Heptenes, 886

Heptenoic acids, 86-87

Heptylamine, 651, 671

1-

Heptyne, 937

2-

Heptynoic acid, 165

Hexacontane, 357, 882

Hexacosahexaenoic acid, 145

Hexacosane, 357, 363, 882

Hexacosanedioic acid, 246, 347

Hexacosanenitrile, 626

Hexacosanoic acid, 52-55, 323, 324,

334, 336, 337

Hexacosanol, 346, 729

Hexacosapentaenoic acid, 145

17-Hexacosenoic acid, 118

Hexadecanal, 821

Hexadecanamide, 593

Hexadecananilide, 593

Hexadecane, oxidation, 928

physical constants, 329, 357, 881,

936

Hexadecanedioic acid, 230, 245, 327,

328,347
Hexadecanenitrile, 626, 627, 628

Hexadecanethiol, 768

Hexadecanoic acid, 35-38

alpha-particle bombardment, 921

films, 350

physical constants, 36, 323, 324,

325, 330, 334, 336, 337, 352,

353, 387, 389, 390, 391, 392,

393, 394

pyrolysis, 477-478, 869

synthesis from oleic acid, 474

Hexadecanoic acids, isomeric, 225

Hexadecanoic anhydride, 799

Hexadecanol, occurrence, 712-713

physical constants, 352, 729

Hexadecanols, isomeric, 734

Hexadecanoyl chloride, 809

6,10,14r-Hexadecatnenoic acid, 143

Hexadecenoic acids, 96-99

9-Hexadecenol, 714

Hexadecyl hexadecanoate, crystal

structure, 758

occurrence, 712

physical constants, 331, 350

synthesis, 494

Hexadecylamine, 651-652, 671

Hexadecylammonium acetate, 651

7-Hexadec3moic acid, 166

2,4-Hexadienoic acid, 120-121

Hexanal, 821

Hexanamide, 593

Hexane, 329, 357, 881, 934, 936

Hexanedioic acid, 230, 240-242, 327,

328, 347, 348

Hexanemtnle, 626, 627, 628

Hexanethiol, 768

Hexanoic acid, 21-22, 323, 324, 325,

353, 387, 389, 390, 392, 393

Hexanoic anhydride, 799

Hexanol, 352, 353, 729

Hexanoyl chloride, 809

Hexatetracontanoic acid, 60, 334

Hexatriacontane, 357, 882

Hexatriacontanoic acid, 60, 323, 324^

334

Hexatriacontanol, 729

Hexenes, 886
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Hexenoic acids, 83-86

Hexylamine, 651, 671

Hexynes, 937

2-Hexynoic acid, 165

Hiragonic acid, 143

Historical considerations, saponifica-

tion, 3-4^ 259-260

saturated acids, 3-7, 11-12

Hofmann reaction, 16, 603-606, 625

Homochaulmoogric acid, 219-220

Homohydnocarpic acid, 219-220

Hydantoins, 827

Hydnocarpic acid, 213-217

occurrence, 213

physical constants, 217

preparation, 217

structure, 214-216

Hydrates, of alkylammonium salts,

658-660

of amines, 653-657

of substituted amides, 603

Hydration, of acetylenic acids, 209,

213

of olefins, 727-728

of unsaturated alcohols, 728

Hydrazides, 309, 615-616

Hydnodination, of acetylemc acids,

450

of ethylenic compounds, 449-450

Hydrobromination, of acetylenic ac-

ids, 450

of ethylenic compoimds, 444-445,

443-450

Hydrocarbon chains, orientation, 343

Hydrocarbons, 867-887, 935-938

acetylenic, oxidation, 838

physical constants, 937

reaction with sodium, 828

synthesis, 828, 879, 937

alkyl aryl, 856, 874, 886-887

angles of tilt, 344

binary mixtures, 883-884

boiling points, £31, 882, 886, 937

crystal spacings, 882

crystal structure, 341, 350

cyclohexyl alkyl, 886-887, 936

densities, 881, 886, 937

dicyclohexyl alkyl, 887

diphenyl alkyl, 887

Hydrocarbons ^Continued)

ethylenic, physical constants, 884-

886

synthesis, 694-695, 880-881

freezing points, 327-329, 356, 357,

881, 937

heats, of crystallization, 361, 363

of transition, 363

melting points, 882, 886, 936

occurrence, 867-868

phenyl alkyl, 886-887, 936-937

physical properties, 327-329, 344,

356, 357, 361, 363, 391-392,

881-887, 935-936, 937

polymorphism, 882-883

refractive indices, 881, 886, 937

solubilities, 884-885

specific heats, 391-392

synthesis, 868-881

from acids, 477-478

from alcohols, 737, 929-930

from anhydrides, 802

from esters, 737-738

from haloalkanes, 748

from ketones, 844, 845

thermal properties, 361, 363, 391-

392, 882-883, 935-936

Hydrochlormation of ethylenic com-

pounds, 449-450

Hydrofluorination, of acetylemc acids,

450

of ethylenic compounds, 449

Hydrogen bonding, of alcohols, 732

of amides, 588-590

of nitnles, 631

Hydrogenation, of acid chlorides, 810

of acids, to alcohols, 721-723, 725-

727, 758

to esters, 758

of acyloins, 839

of alcohols, 737, 870

of aldehydes, 825, 934

of 1-alkenes, 876

of alkyl aryl ethers, 765

of amides, 603, 648

of ammonium soaps to amines, 649

of anhydrides, 727, 802

of castor oil, 726-72^

catalysts, 722-725
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Hydrogenation {CorUiniAed)

of dialkyl ketones, 845

of dinitriles, 648

by electrolytic reduction, 437

of esters, 721-723, 725-727, 737-

738, 758

of ethers, 727

of ketones, 727, 872

mechanism, 429, 432-433

of metalhc soaps, 727

of nitriles, 645, 646-649

of oximes, 644

of ozonides, 816, 934

of polymerized acids, 471

of polymtriles, 636

selective, 431-432

by silent electric discharge, 437-438

of unsaturated acids, 428-438

Hydrohalogenation, 444r-450

of acetylemc acids, 450

electronic interpretation, 445-448

peroxide efiFect, 448-450

solvent effects, 445, 447-448

Hydrolysis, of aldimmes, 635

of alkyl isocyanates, 604

of amide hnkages, 931-932

of amides, 602-603

rate, 633

of ammo nitriles, 636, 826-827

of anhydrides, 801-802

of cyano acids, 459

of cyanohydrins, 826, 846-847

of fats, 259-279

by acids, 265-269

by ammoma, 271

by aniline, 271

by bacteria, 279

by bases, 262, 269-272

by enzymes, 274-279

by hydroxylamme, 279

laboratory procedure, 271-272

mechanism, 260-265

processes, 265-279

rate, 262-265

by sodium carbonate, 271

by steam, 272-274

stepwise, 260-261

by water, 272-274

of 2-hydroxy amides, 826

Hydrol3rsi8 (Continued)

of nitriles, 631, 633-634

of ozonides, 815-816, 934

partial, of nitriles, 585

of triglycerides, 542-543

of peptide linkages, 931-932

of polynitriles, 636

of pseudo-thiohydantoins, 782

of simple alkyl esters, 521-524

of sulfuric esters, 460, 461, 462

Hydroperoxides, 918

Hydroquinyl esters, 524-525

Hydroselemdes, alkyl, 767

Hydrosorbic acid, 85

Hydroxamic acids, 615

Hydroxy acids, eee Acids—^hydroxy

2-Hydroxy amides, 826

«-Hydroxy amines, 674

Hydroxy nitnles, 636

2-Hydroxyalkanenitriles, 826

hydrolysis, 846-847

N-Hydroxyalkyl amides, 608-609

oh-Hydroxyalkylthiomethanes, 770

p-Hydroxyanihdes, 594

Hydroxycoumarones, 920

Hydroxydecanoic acids, 180

Hydroxydocosanoic acids, 192

Hydroxydodecanoic acids, 181-182

Hydroxyeicosanoic acids, 191, 194

N-(2-Hydroxyethyl) amides, 596

Hydroxyheneicosanoic acids, 191

Hydroxyheptadecanoic acids, 185

Hydroxyheptanoic acids, 178-179

2-Hydroxyhexacosanoic acid, 192

Hydroxyhexadecanoic acids, 18^185
16-Hydroxy-7-hexadecenoic acid, 185

Hydroxyhexanoic acids, 177-178

Hydroxylamines, 675

Hydroxynonadecanoic acids, 191

Hydroxynonanoic acids, 179-180

Hydroxyoctadecanoic acids, 186-187

12-Hydroxy-9-octadecenoic acid, see

Ricinoleic acid

Hydroxyoctadecynoic acids, 191

Hydroxyoctanoic acids, 179

Hydroxypentadecanoic acids, 183-

184

Hydroxypentanoic acids, 176-177

2-Hydroxytetracosanoic acid, 196
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Hydroxytetradecanoic acids, 182-183

2-Hydroxytriao(»itanoic acid, 192

Hydroxytridecanoic acids, 182

Hydroxyundecanoic acids, 180-181,

931

Hypogaeic add, 96

Hypohalous acids, addition to unsatu-

rated compounds, 450-452

Ibotoceric add, 55

Identification of acids, 298-312

analytical methods, 300-303

characterizing derivatives, 303-312

physical constants, 299-300

Imidazoles, 617-618, 619

Imidazolines, 618r-619

Imines, cyclic, 620, 671-672

Imino chlorides, 635, 818-819

Imino ethers, 613, 614, 635

Infrared absorption, of alcohols, 732-

733

of aldehydes, 822

of amides, 589

of unsaturated compounds, 395

Inhibitols, 417-418

Insect waxes, 713-714

Inversion, in halogenation reactions,

442

in opening an oxido ring, 451

in oxidation of unsaturated acids,

420-421, 422, 423, 424, 425-

426

Iodine number, 301-302

lodoalkanes, boiling points, 745, 931

crystal pacings, 346

densities, 745, 931

dipole moments, 353

melting points, 355, 745

polymorphism, 355, 745-746

reduction, 872-873

refractive indices, 931

lodobutane, 353

lododocosane, 346, 355

lododotriacontane, 346, 355

lodoheptane, 353, 931

lodohexacosane, 346, 355

lodohexane, 931

lodohexatriacontane, 346» 355

lododctacosane, 346, 355

lododctadecane, 346

lodooctane, 931

lodopentane, 745

lodotetracosane, 346, 355

lodotetratriacontane, 346, 355

lodotriacontane, 346, 355

Ionization constants of amines, 670-

671

Ipurolic acid, 182-183

Isamic acid, 170

d-Isoascorbyl esters, 922

N-Isobutyl amides, 596

Isobutyl imino ethers, 613

Isocyanates, alkyl, 604

Isolation of saturated acids (histor-

ical), 5-7

Isomerization, 473-477

by alkali hydroxides, 921

in alkylations, 878

ci8-4ran8, see also Elaidinization

effect on stabihty of monolayers,

915-916

of elaidic acid, 104

in halogenation and dehydrohalo-

genation, 454r455

of hnoleic acid, 476

of linolemc acid, 140

of oleic acid, 101, 102, 103-104, 105

in polymerizations, 471-473

Isooleic acids, 104, 111, 429-430

Isopalmitic acid, 38

Isovaleric acid, 19-21

Isothiocyanates, 674

Jalapinolic acid, 184

Japan wax, 245-246

Japanic acid, 245

Jecoleic acid, 114-115

Jecoric acid, 137

Juniperic acid, 184-185

Ketenes, 810-811

Keto acids, see Acids—keto

Keto alcohols, 838-839, 846

Ketodecanoic acids, 205-206

Ketodocosanoic acids, 213

Ketododecanoic acids, 206-207

13-Ketoheneico6anoiG acid, 212-213

4-Keto-12-heneicosenoic acid, 213
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Ketoheptadecanoic adds, 210

Ketoheptanoio adds, 203-204

Ketohexadecanoic adds, 208-210

Ketohexanoic adds, 201-202

Ketones, 829-857, 935

alkyl alkenyl, 847

alkyl aryl, 847-857

complexes with aluminum chlo-

ride, 848

monomolecular films, 403

physical properties, 853-856

reaction with ammonium sulfide,

85frn857

reaction with Grignard reagents,

856, 876-877

reduction, 856, 871-872, 936

solubilities, 853, 855

sulfonation, 857

synthesis, 635-636, 847-853

uses, 857

alkyl hydroxyaryl, 850-852, 853,

855

aminoalkyl, 857

cychc, 236-238, 835-836

dialkyl, 830-847, 935

addition of hydrogen cyanide,

840-847

association, 843

condensation with ethylene ox-

ide, 846

conversion to amides, 935

conversion to amines, 845

conversion to dichlorohydrocar-

bons, 870

heats of fusion, 843

hydrogenation, 727, 845

monomolecular films, 403

nomenclature, 830

occurrence, 830-831

oxidation, 845

oximes, 839-840

physical properties, 839-843

pyrolysis, 846

Raman spectra, 843 ^

reaction with ammonium sulfide,

935

reaction with Grignard reagents,

846
reduction, 843-844, 870-871, 936

Ketones, dialkyl {ConJtinued)

solubilities, 883, 841-843

sulfonation, 847

synthesis, 477, 635, 831-839

ethyl alkyl, 841

methyl alkenyl, 835

methyl alkyl, 834r^, 840-841

propyl alkyl, 841

Ketonic rancidity, 413-414, 831

10-Ketononadecanoic acid, 212

Ketononanoic acids, 205

Ketooctadecanoic acids, 210-212

Ketooctanoic acids, 204-205

Ketopentadecanoic acids, 208

Ketopentanoic acids, 200-201

Ketotetradecanoic acids, 207-208

13-Ketotriacontanoic acid, 213

Ketotridecanoic acids, 207

Ketoundecanoic acids, 206

Ketoximes, 839-840

reduction, 644

Kinetics, of acid hydrolysis of esters,

522, 524

of alkahne hydrolysis, of esters,

521-522

of nitriles, 634

of esterification, 495-498, 921-922

of halogenation, 441

Kolbe synthesis, 877-878

Krebitz process, 270

Kreis test, 415

Laboratory procedures, distillation,

291-295

hydrolysis of fats, 271-272

Lacceroic acid, 59

Lactanmc acid, 210-211

Lactone formation, in dehydrohalo-

genation, 447, 453, 456

by hydrolysis of sulfuric esters, 460,

461, 462

of hydroxy acids, 175-176

Lanoarachidic acid, 194

Lanoceric acid, 193, 194

Lanomynstic acid, 193-194

Lanopalmic acid, 193, 194

Lanostearic acid, 194

Lauraldehyde, see Dodecanal

Lauramide, see Dodecanamide
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Laurie add, see Dodecandc add
Lauroleic add, 92-93

Lauroue, 840

Lauronitrile, see Dodecanenitrile

Lauroyl chloride, see Dodecanoyl

chloride

Lead mercaptides, 768

Lead salt methods, 281-283

Lecithin, antioxidative properties, 418

Leprosinic acid, 196

Levulinic acid, 201

Licanic add, 212

Lignoceric acid, see Tetracosanoic

acid

Linderic acid, 93

Linoleic acid, 121-129

bromination, 121-125, 442-443

elaidinization, 125-126

hydrogenation, 430

isomerization, 476

occurrence, 127-128, 912

oxidation, 126-127, 422, 423, 427

physical constants, 129, 352, 390,

915

preparation, 128-129

pyrolysis, 477

reaction with thiocyanic acid, 465-

466

reduction to linoleyl alcohol, 476

spectrophotometric detemunation,

923

structure, 121-127

Linoleic anhydride, 799

Linolenic acid, 132-136, 140

bromination, 132-135, 443

hydrogenation, 431-432

isomerization, 140

occurrence, 135-136, 912

oxidation, 135, 427

ozonization, 420

physical constants, 136, 390, 915

preparation, 136

by debromination, 454

reaction with thiocyanic acid, 465-

466

structure, 132-135

Linolenoyl chloride, 933

Linolenyl alcohol, 733-734

Linoleoyl chloride, 807, 933

Lmdeyl alcohol, physical constants

733

synthesis, 476, 719-720

Linusic acids, 135

Lipases, animal, 277-279

plant, 274r-277

Liquid crystalline state, 565, 889. 896

Liver esterase, 278

Lumequeic acid, 119

Lycopodiumoleic acid, 98

Maleic anhydride addition, 139-140,

303,468
Mannitol esters, 544-545

Mannitol fat, 544-545

Margaraldehyde, 821

Margaric acid, see Heptadecanoic acid

Margaromtrile, 627, 628

Marine acids, see Aquatic acids

Markownikoff’s rule, 444, 447, 460
Mechanism, of aldol condensation,

823

of amide formation, 582-583

of amine formation from alcohols,

643

of electrolytic j^nthesis of hydro-

carbons, 877

of Friedel-Crafts acylations, 850-

852

of Fries rearrangements, 850-852

of halogenation, 441-442

of Hofmann reaction, 606

of hydrogenation, of aldoximes, 644

catalytic, 429, 432-433

of hydrohalogenation, 444r-450

of hydrolysis, of esters, 521-524

of fats, 260-265

of hypohalous acid addition, 450-

452

of ketone formation, 832-833

of nitrile formation from amides,

621-622

of oxidation, of ethylenic bonds, 918

with peracids, 422, 424

of polymerization, 471-473, 921

of secondary amine formation, 646-

647

of sodium reduction of esters, 927-

928
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Mechanism (Continued)

of Willgerodt reaction, 935

of Wurtz reaction, 874

MeduUic acid, 46

Melissic acid, see Triacontanoic acid

Melting phenomenon of soaps, 889,

896

Melting points, of binary acid mix-

tures, 364

calculation, 355-359

of long-chain compounds, 353-359

multiple, of diglycerides, 559, 560

of monoglycerides, 561, 562

of simple triglycerides, 545-547

Menthyl esters, 525-526

Mercaptans, 765-768

condensation with ethylene oxide,

772

decomposition in alkaline solution,

768

oxidation, 773-776

physical constants, 768

reaction with ammonium sulfide,

935

synthesis, 766-767, 774

uses, 933

Mercaptides, 767-768

oxidation, 773^776

reactions, with l-chloro-2,4-dinitro-

benzene, 770

with chlorohydrins, 770

Mercapto acids, 459, 782

Mercuration, of acetylenic com-

pounds, 467-468

of ethylenic compounds, 467

Mesomorphic state, 565

Metabolism, dicarboxyhc acids in,

231-233

o-Methoxy acids, 818

p-Methoxyamlides, 594

Methoxymercuration of unsaturated

esters, 923

N-Methyl amides, 592-594

Methyl arachidonate, 508

Methyl decanoate, 358

Methyl docosanoate, 358, 362

Methyl dodecanoate, 358, 502

Methyl eicosanoate, 358, 362

Methyl elaidate, 509

Methyl eleostearate, 472

Methyl esters, boiling points, 502-503

chlorination, 440

crystal Efpacings, 517

crystal structure, 516-517

densities, 502-503

of dicarboxyhc acids, 511-513

freezing points, 357, 358

heats, of crystallization, 361, 362,

363, 517

of transition, 517

melting points, 502-503

polymorphism, 516-517

refractive indices, 502-503

specific heats, 361, 362, 363, 391-

392, 517

thermal properties, 361-363, 517 j’

Methyl hexadecanoate, physical con-^

stants, 331, 358, 362, 503, 517

ssmthesis, 499

Methyl hnoleate, physical constants,

508

polymerization, 471, 472

purification, 500

reaction with maleic anhydride, 468

reduction, 719-720

Methyl hnolenate, polymerization,

471, 473

reaction with maleic anhydride, 468

Methyl octadecanoate, 331, 358, 362,

503, 517

Methyl oleate, physical constants,509

polymerization, 473

purification, 500

reaction with maleic anhydride, 468

synthesis, 494

Methyl ricinoleate, ozonization, 420

physical constants, 510

purification, 509-510

reduction, 720

synthesis, 498

Methyl stearolate, 471

Methyl tetradecanoate, physical con-

stants, 358, 362, 502, 517

synthesis, 499

Methylation, of adds, 470

of amides, 609

of amines, 650

of cyclic imines, 620
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Methylene diamides, 610

10-Methyloctadecanoic acid, 43

MethyloL amides, reactions, 611-612

S3mthesis, 610

Micelle theory, 660, 662

Micelles of quaternary ammonium
compounds, 696

Migration, of &cy\ groups, see Rear-

rangement, of apyl groups

of double bonds, in alkali fusion,

473-476

at hi^ temperatures, 475-476

in hydrogenation, 429-430, 432

in sodium reduction, 719-720,

733

of hydroxyl groups in hydrolysis of

sulfate esters, 920

Molecular configuration of long-chain

compounds, 338-344

Molecular distillation, 295

Molecular extinction coefficients of

saturated acids, 394

Molecular refractivities, of acetylenes,

938

of alkanes, 936

of saturated acids, 390

Molecular volumes, of alcohols, 732

of saturated acids, 331, 351

Monoamides of dicarboxylic acids, 594

Monocarboxylic acids, see Acids

—

monocarboxylic

Monoethyl octadecanedioate, 347

Monoethyl tetradecanedioate, 347

Monoethylenic acids, see Acids

—

monoethylenic

1-

Monoglycendes, crystal Efpadngs,

346

optically active, 541, 563

physical constants, 344, 346, 541,

562-

563
synthesis, 536-537, 562-^563

by alcoholysis, 499

unsaturated, 562

2-

Monoglycerides, physical constants,

563-

564

synthesis, 537-538, 563

Monomolecular films, of alcohols, 399,

401-403

of alkylammonium salts, 403

Monomolecular films (ConUnued)

classification, 396

of esters, 401-403

of ketones, 403

of long-chain compounds, 395-404

of monocarboxyUc acids, 338, 399-

401, 916

of nitriles, 401-403

of oxidized oils, 915

of soaps, 404

of sodium alkyl sulfates, 753

on solid surfaces, 403-404

viscosities, 399

Montan wax, alcohols, 714

Montanic acid, see Octacosanoic acid

Moroctic acid, 143

Mycocerosic acid, 911

Mycohc acid, 196

Myristaldehyde, 821

Myristamide, 593

Myristic acid, see Tetradecanoic acid

M3nristoleic acid, 94

Myristone, 840

Myristomtrile, 626, 627, 628

Mynstoyl chloride, 809

Naphthalenesulfonanilides, 779

Naphthimidazoles, 618

Naphthyl amides, 305, 594, 595

Naphthyl esters, 525

Nematic phase, 565

Nervonic acid, 118, 195

Neurostearic acid, 195

Neutralization value, 301

Nickel catalysts, 433-436

poisoning, 435

promoters, 435

Nicotinamides, 930

Nisinic acid, 144

Nitnles, 620-638

a-amino, 826-827

binary systems, 628-629

boiling points, 627

bromination, 636

conversion, to aldehydes, 818-819

to aldimines, 635

to esters, 494, 634

to imino chlorides, 635

to imino ethers, 613, 635
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Nitriles {Continued)

densitieB, 628

dipole moments, 352-353, 631

double melting points, 626

hydrogen bonding, 631

hydrogenation, 645, 646-649

hydrolysis, 585, 631, 633-634

rate, 633

melting points, 626

monomolecular films, 401-403

physical properties, 626-631

polymorphism, 629

pyrolysis, 636-638

reactions, with concentrated acids,

634

with Grignard reagents, 635-636,

837-838, 852-853

with hydrogen peroxide, 584, 636

with hydroxylamine, 636

with sodium, 636

reduction, 645-646

refractive indices, 628

solubihties, 629-^1, 632

synthesis, 621-625

from acid chlorides, 623, 811

from acids, 621-623

from amides, 621-622

in Hofmann reaction, 605

liquid-phase, 621-622

mechamsm, 622

from thioamides, 600

vapor-phase, 622

thiohydrolysis, 598

unsaturated, physical constants,

631

polymerization, 636

synthesis, 624

o-unsaturated, 826

uses, 638

vapor pressures, 627

p-Nitrobenzyl esters, 306

Nitroparaffins, reduction, 649

3-Nitrophthalates, alkyl, 758

Nitrosyl halide addition to unsatu-

rated acids, 452

Nomenclature, of acid halides, 803

of alcohols, 713

of dialkyl ketones, 830

of dicarboxylic acids, 228-229

Nomenclature {Continued)

of ethylenic acids, 79-81

of glycerides, 529-530

of saturated acids, 2
of triglycerides, 553

Nonacosane, 936

Nonacosanoic acid, 57, 323, 324, 336,

337

Nonacosanol, 729

Nonadecane, 357, 882

Nonadecanedioic acid, 230, 245, 327,

328

Nonadecanoic acid, 43, 323, 324, 336,

337

Nonadecanoic acids, isomeric, 226

Nonadecanol, 729

2-Nonadecenoic acid, 114

Nonanal, 821

Nonanamide, 593

Nonane, 329, 357, 881, 936

Nonanedioic acid, 243-244

physical constants, 230, 243, 327,

328, 347, 348, 349

polymorphism, 349

Nonanenitnle, 626, 627, 628
Nonanethiol, 768

Nonanoic acid, 25-27

physical constants, 25, 323, 324,

325, 351, 355, 359, 387, 389,

390, 392-393

pyrolysis, 477

Nonanoic anhydride, 799

Nonanol, 352, 729

Nonanoyl chloride, 809

Nonatnacontane, 936

Nonenoic acids, 88^89

Nonylamine, 651-652, 671

2-Nonynoic add, 165

Nordihydroguaiaretic add, 418, 920

Normal structure of naturally occur-

ring acids, 13-14

Obtudlic acid, 90

Occuirenoe, dt acetylenic adds, 163,

170

of alcohols, 712-715

of aldehydes, 813, 934

of batyl alcohol, 926

of chimyl alcohol, 926
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Occurrence (Contimied)

of cyclic acids, 213

of dialkyl ketones, 830-831

of dicarboxylic acids, 231

of dienoic acids, 72, 74, 119, 912

of hydrocarbons, 867-868

of hydroxy acids, 172

of keto acids, 198

of monoethylenic acids, 72, 74, 79,

170, 912

of polyethenoic acids, 72, 74, 141,

912

of saturated acids, 7-14

of selachyl alcohol, 926

of trienoic acids, 72, 74, 131-132,

912

Octacosane, 882

Octacosanoic acid, 55-57, 323, 324,

334, 336, 337

Octacosanol, 346, 729

Octadecadienoic acids, 121-131

9. 1

1-

octadecadienoic, 129-13

1

9.12-

octadecadienoic, see Lmoleic

acid

1 2, 15-octadecadienoic, 131

Octadecanal, 821

Octadecanamide, 593

Octadecananilide, irradiation, 925

physical constants, 593

Octadecane, 329, 357, 881, 936

Octadecanedioic acid, 230, 245, 327,

328, 347, 348

Octadecanenitrile, 626, 627, 628

Octadecanethiol, 768

Octadecanoic acid, 40-43

physical constants, 40, 323, 324,

325, 330, 334, 336, 337, 340,

352, 353, 387, 389, 390, 391,

392, 393

pyrolysis, 868-869

by reduction of 9, 12-dibromostearic

acid, 454

solutions in sulfuric acid, 916

Octadecanoic acids, isomeric, 225

Octadecanoic anhydride, 799

Octadecanol, occurrence, 713

physical constants, 346, 729

Octadecanoyl chloride, physical con-

stants, 809

Octadecanoyl chloride (Ctmtinued)

reaction with dialkylcadmiums, 936

synthesis, 806

Octadecatetraenoic acids, 143-144,

150

Octadecatrienoic acids, 132-141

6,9,12-octadecatrienoic, 136-137

9,11,13-octadecatrienoic, see Eleo-

stearic acid

9,12,15-octadecatrienoic, see Lino-

lenic acid

10,12,14-octadecatrienoic, 140-141,

476

Octadecenediynoic acid, 170

Octadecenoic acids, 99-114; see also

Isooleic acids

2-

octadecenoic, 100-101

3-

octadecenoic, 101

4-

octadecenoic, 101-102

5-

octadecenoic, 102

6-

octadecenoic, 102-103

7-

octadecenoic, 103

8-

octadecenoic, 103-104, 430

9-

octadecenoic, see Elaidic acid.

Oleic acid

10-

octadecenoic, 104, 111-112, 430

11-

octadecenoic, 112-113

12-

octadecenoic, 113

15-

octadecenoic, 114

16-

octadecenoic, 912

1

7-

octadecenoic, 912

9-Octadecenol, see Oleyl alcohol

Octadecenyl oleate, 7^, 758

Octadecenynoic acids, 170

N-Octadecyl amides, 595-596

Octadecyl octadecanoate, 758

Octadecylamine, hydrates, 657

physical constants, 651-652, 671

Octadecylammomum acetate,651, 652

Octadecylammonium salts, 652

Octadecynoic acids, 167-170

5-

octadecynoic, 169-170

6-

octadecynoic, 167-168

7-

octadecynoic, 169-170

8-

octadecynoic, 169

9-

octadecynoic, see Stearolic acid

IQ-octadecynoic, 169

Octanal, 821

Octanamide, 593
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Octane, ph3n3ica] constants, 329, 357,

881, 936

synthesis, 874r-875

Octanedioic acid, 230, 242-243, 327,

328, 347, 348

Octanenitnle, 626, 627, 628

Octanethiol, 768

Octanoic acid, 23-25

biological oxidation, 919

physical constants, 23, 323, 324,

325, 351, 353, 387, 389, 390,

392, 393

Octanoic anhydnde, 799

Octanol, esterification by dicarboxyhc

acids, 931

occurrence, 713

physical constants, 352, 729

Octanoyl chloride, 809

Octatriacontane, 936

Octatriacontanoic acid, 60, 334

Octenoic acids, 87-88

2-Octyl nitrite, 925

Octylanune, hydrates, 657

physical constants, 651-652, 671

Octylsodium, 939

Oct3nies, 937

2-Octynoic acid, 165

Odd fatty acids, non-occurrence, 12-

13

Oleamide, 594

Olefins, addition of hydrogen sul-

fide, 771

hydration, 727-728

reactions, with ammonium sulfide,

935

with dimercaptans, 771

with 4-mercaptobiphenyl, 932-

933

sulfonation, 780

synthesis, by dehydration of al-

cohols, 738-740, 844

by dehydration of o-hydroigr al-

dehydes, 828-829

in etherification, 759

Oleic acid, 104r-110

addition and removal of hydrogen

haUde, 454-455

aiyktion, 468-469

bromination, 442

Oleic acid {Continued)

elaidinization, 110

fluorination, 439

fusion with alkali hydroxides, 474-

475

hydrogenation, 429-430

hydrohalogenation, 449

hydroxylation, 920

isomerization, 101, 102, 103-104,

105, 429-130

occurrence, 107

oxidation, 105-106, 415-417, 421-

427, 917-920

mechanism, 415-417

ozonization, 419-420

physical constants, 109, 352, 390,

391, 392, 915

polymorphism, 915

preparation, 107-110, 912

pyrolysis, 477, 869

reactions, with hypohalous acids,

451-^52

with sulfuric acid, concentrated,

460-461

with thiocyamc acid, 465-466

structure, 104r'107

S3aithesis, 106-107

by reduction of 9,10-dibromo-

steanc acid, 454

Oleic anhydride, 799

Oleone, 840

Oleoyl chloride, 808, 933

Oleyl alcohol, esterification with sul-

furic acid, 751

occurrence, 714

physical constants, 733

synthesis, 718-719

Oleyl aldehyde, 820

Optically active glycerides, 539-541,

560, 563

Organometallic compounds, 748-749;

938-939

Organosilicon compounds, 939

Orientation, in acylation of phenol,

850-852

in alkylation reactions, 937

of carboxyl groups, 341, 342

of hydrocarbon chains, 343

in the liquid state, 385-386



976 INDEX

Oxidation, 411-427

of acetylenic hydrocarbons, 838

of apyloins, 839

(d alcohols, 737, 815, 838

of aldehyd^, 824, 919-920

of aldehydo adds, 919-920

of l-alkenes, 919

of allQrl sulfides, 920

of alkyl sulfites, 750

of amines, 675-976

biological, see Biological oxidation

of cerebronic add, 49

of dialkyl disulfides, 774

of dialkyl ketones, 845

of dicarboxylic acids, 413

of disulfides, 775-776

of elaidic acid, 917

of eleostearic acid, 918

of ethylenic acids, 418-427

of hexadecane, 928

of hydroxy acids, 816-817, 912

of hydroxyalkyl sulfides, TTS

of linoleic acid, 126-127

of linolemc acid, 135

of mercaptans, 773-776

of mercaptides, 773-776

of mercapto acids, 459

of oleic acid, 105-106, 917-920

of paraffin, 798

relative rates, 918

of ridnoleic acid, 919

of saturated acids, 41 1-414

of sulfides, 772-773

of sodium alkyl thiosulfates, 774

of unsaturated acids, 105-106, 126-

127, 135, 414-427, 917-920

Oximes, see Aldoximes, Ketoximes

Ozonides, hydrogenation, 816, 934

hydrolsrsis, 815-816, 934

reduction, 816

Ozonization, of acetylenic acids, 420

of polymerized acids, 471

of unsaturated acids, 418r-420

Palladium catalysts, 436-437

Palmitaldehyde, 821

Palmitamide, 593

Palmitic acid, see Hexadecanoic acid

Palmitoleic acid, 96-99

Palmitone, 840

Palmitonitrile, 626, 627, 628

Palmitoyl chloride, 809

Pancreatic lipase, 277-278

Parachor values, of hydrocarbons, 936

of liquid acids, 390-391

of tri^yoerides, 922

Paraffin, oxidation, 798

Parinaric acid, 150

Pelargonaldehyde, 821

Pelargonamide, 593

Pelargonic acid, see Nonanoic acid

Pelargonone, 840

Pelargononitrile, 626, 627, 628

Pelargonyl chloride, 809

Pentacontane, 357, 882

Pentacosane, 936

Pentacosanenitrile, 626

Pentacosanoic acid, 51-52, 323, 324,

325, 336, 337, 355

Pentacosanol, 729

Pentadecanal, 821

Pentadecane, 329, 357, 881, 936

Pentadecanedioic acid, 230, 245, 327,

328

Pentadecanenitrile, 627, 628

Fentadecanoic acid, 34^5, 323, 324,

325, 330, 336, 337, 355, 387,

389, 390

Fentadecanoic acids, isomeric, 266

Fentadecanoic anhydride, 799

Pentadecanol, 729

Pentadecanoyl chloride, 809
Pentadecenoic acids, 95-96

Pentadecylamine, 651-652, 671

Pentadecylammomum acetate, 651

3-Pentadepylcatechol, 929

2,4-Pentadienoic acid, 120

Pentaerythrityl esters, 924

Pentanal, 821

Pentanamide, 593

Pentane, 329, 357, 881, 936
Pentanedioic acid, physical constants,

230, 327, 328, 350

polymorphism, 350

Pentanenitrile, 626, 628

Pentanethiol, 768

Pentanoic acid, 19-21, 353, 389, 392
Pentanoic anhydride, 799
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Pentanol, 352

PentaDoyl chloride, 809

Pentatriacontane, 357, 936

Pentatriacontanoic acid, 60, 323, 324

Pentenes, isomeric, 886

Pentenoic acids, 81-^
Pentylamine, 353

Pentynes, 937

Pentynoic acids, 164-165

Peroxide effect, 448-450

Peroxides, formation during oxida-

tion, 918

Petroleumformation, 478,868r-869,92 1

Petroselimc acid, 102-103

Petroselinolic acid, 167-168

Phellonic acid, 192

Phenacyl esters, of dicarboxylic acids,

308,525

of saturated acids, 307, 525

Phenols, antioxidative properties,

417-418

N-Phenyl amides, 598

Phenyl esters, 524

Phenylhydrazones, conversion to ni-

triles, 625

p-Phenylphenacyl esters, of dicarbox-

ylic acids, 308

of saturated acids, 307

Phenylstearic acid, 463-469

Phocenic acid, 19, 20

Phosphonium compounds, 782-783

Photol}^ of amides, 925

Phrenosinic acid, 197

Phthalates, monoalkyl, 758

Phthalimides, 619-620

Phthioic acid, 53, 910-911

Physeteryl alcohol, 714

Physetoleic acid, 96

Physical properties, of acid halides,

808-812

of acids, 322-410

of alcohols, 729-737

of aldehydes, 819-822

of alkylammonium salts, 658, 660-

667

of amides, 586-602

of amines, primaiy, 650-657

seoonds^ry, 667-672

tertiary, 672-673

Physical properties (Continued)

of di^ycerides, 558-561

of esters, cellulose, 567-569

simple alkyl, 500-521

steryl, 564-566

of ketones, alkyl aryl, 853-856

dialkyl, 839-843

in the liquid state, 385-395

of monoglycerides, 561-564

of nitnles, 626-631

of triglycerides, 545-558

Pimelic acid, see Heptanedioic acid

Piperazine salts, 309-310

Piperidides, 616

Platinum catalysts, 436-437

Polyamides, 601-602, 924-925

Polyammes, 636

Polycarboxylic acids, 636

Polyester-polyamides, 601-602

Polyesters of dicarboxylic acids, with

glycerol, 564

with glycols, 529, 923-924

Polyethenoic acids, see Acids—^poly-

ethenoic

Polyglycines, alkanoyl-, 925

Polymerization, 470-473

of aldehydes, 819^20, 822-824

of alkyl acrylates, 931

of amides, 588-5^
of conjugated acids, 471-473

during distillation, 915

of eleostearic acid, 473

of esters of unsaturated acids, 524

of ethyl linoleate, 472-473

of 11-hydroxyundecanoic acid, 931

mechanism, 471-473, 921

of methyl eleostearate, 472

of methyl linoleate, 471, 472

of methyl linolenate, 471, 473

of methyl oleate, 473

of methyl stearolate, 471

and quaternary ammonium com-
pound formation, 691

by silent electric discharge, 437-

438

of unsaturated nitriles, 636

Poljmiethylenedibenzimidazoles, 617-

618

Polymethylenediphthalimides, 620
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Polymolecular films, of long-chain

compounds, 395-404

of soaps, 404

on solid surfaces, 403-404

Polymorphic forms, stabilization, 333

Polymorphism, of acid mixtures, 366

of alcohols, 730-731

of alkyl acetates, 355, 755-756,

757

of alkylammonium acetates, 355

of alkylammonium salts, 666-667

of amines, primary, 653

secondary, 333, 667-669

of dicarboxyhc acids, 349-350

of diglycerides, 559-560

of ethyl esters, 355, 356, 513-516

of hydrocarbons, 882-883

of iodoalkanes, 355, 745-746

of long-chain compounds, 332-338

of methyl esters, 516-517

of monoglycerides, 561-563

of nitriles, 629

of oleic acid, 915

of saturated acids, 333-338

of simple alkyl esters, 513-518

of simple triglycerides, 545-551

of symmetncal mixed tnglycerides,

552-555

of triacid tnglycerides, 558

ofunsymmetricaltriglycendes, 555-

556, 558

Polynitnles, 636

Pol3nricinoleic acids, 462

Potassium myristate, electrolysis, 878

Potassium oleate, electrolysis, 878

Potassium undecenoate, electrolysis,

877

Pressure-area relations of films of

acids, 400-402

E^eparation from natural oils, of

chaulmoogric acid, 217

of fatty acids, 258-321

of hydnocarpic acid, 217

of linoleic acid, 128-129

of linolenic acid, 136

of oleic acid, 107-110

of ridnoleic acid, 189

Pressing, 280-281

Proteins, acylation, 917

Proteins {C(mtin%ied)

hydrolysis, 931-932

hydrolyzed, reaction with acid chlo-

rides, 811

stabilization, 916-917

Pseudoeleostearic acid, 140-141, 476

Psyllic acid, 59

Pyrolsrsis, 477-478

of acid chlorides, 808

of acids, 868-869

of alcohols, 738-740

of alkylammonium salts, 677

of amides, 603

of aimnes, 677

of castor oil, 90-91, 129-131

of chlorohydrins, 452

of dialkyl ketones, 846

of dialkylammomum salts, 880

of disubstituted ureas, 604

of esters, of higher alcohols, 880

simple alkyl, 458, 524

of glycerides, 868-869

of haloalkanes, 879

of heptanal, 934r-935

of hexadecanoic acid, 477-478

of ee-hydroxy acids, 817-818

of Imoleic acid, 477

of o-methoxy acids, 818

of mtnles, 636-638

of nonanoic acid, 477

of oleic acid, 477

of quaternary ammonium com-

pounds, 694-695

of ricmoleic acid, 90-91, 129-131,

188, 817

of soaps, 868-869

of thioaimdes, 600

Quaternary ammonium compounds,
684-696

2-acetoxyethylalkyl, 926

aldehydo, 688

aJkoxybenzylquinolinium, 689

alkoxymethylene, 692

alkoxyqumolimum, 689

alkylalkoxymethylenepyridinium

,

692

alkylalkoxymethylenequinolinium,

692
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Quaternary ammonium compounds
(CofUintied)

N-Calkylamidomethyl) pyridinium,

692

alkylbenzaldimorpholinium, 691-

692

aJkylbenzyldimethyl, 926

all^lisoquinolinium, 689

alkyUutidinium, 926

alkylmorpholinium, 926

alkylnicotinium, 689

alkylpicolinium, 926

alkylpiperidinium, 689, 926

all^lpipicolinium, 926

alkylpyridinium, 689, 690, 926

alkylquinolinium, 689, 690, 926

alkylthiobenzylqumolinium, 689

alkyltrimethyl, 926

bactericidal properties, 686-687,

694, 696, 925-926

benzotriazolium, 693

carbethoxymethylalkyl, 926

chlorophenyltrialkyl, 688

conductivities of solutions, 695-696

N,N -dialkyldipiperidimum, 690

N,N'-dialkyl-4,4 -methylenedimor-

pholimum, 691

N,N -dialkylmethylenedipiperidm-

ium, 690

dihydroxypropylalkyl, 926

dimethyldialkyl, 686

dipiperidinium, 690

N-ethyl-N-alkylmorpholinium, 691

N-ethylol-N-alkylmorpholinium,

691

mercaptobenzothiazolium, 782

methallyltrialkyl, 687

methyldialkylbenzyl, 686

methyltnalkyl, 686

naphthyltrialkyl, 688

phenyltrialkyl, 688

polymers, 691

pyrolysis, 694r-695

p-stearoylphenyltrimethy], 857

structure, 684r-685

sulfonation, 692-693

synthesis, 685

by cyclization, 690

tetrazolium, 694

Quatemaiy ammonium compounds
{C<mtinued)

trialkylazonium, 693

tributylalkyl, 686

triethylalkyl, 686

trimethylalkyl, 687

uses, 696

Quaternary urea derivatives, 687
Quinone, synergistic action with anti-

oxidants, 920

Raman spectra, of dialkyl ketones,

843

of saturated acids, 395

of simple alkyl esters, 518

of unsaturated compounds, 395
Rancidity tests, 415

Raney nickel catalyst, 435-436

Raoult’s law, 376-377

Rapic acid, 110

Rare earth stearates, 902

Rearrangement, of acyl groups in

glyceride synthesis, 533-536,

537, 538

of disubstituted amides, 606

Red oil, 280

Reduction, of acids, 870

of aldehydes, 717, 824-825

of aldoximes, 644

of alkyl aryl ketones, 856

of bromoalkanes, 873

of butyl oleate, 718-719

of dialkyl disulfides, 767, 774

of dialkyl ketones, 843-844

of dichlorohydrocarbons, 870-871

of dihalohydrocarbons, 844, 870-

871

of dimethyl esters, 734

of esters, 717-720

of halo acids, 453-454

of hydantoins, 827

of imino chlorides, 635, 818-819

of iodoalkanes, 872-873

of keto acids, 913

of ketones, 870-872, 936

of ketoximes, 644

of methyl linoleate, 719-720

of methyl ricinoleate, 720

of monoalkylacetylenes, 938
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Reduction (ConUntted)

of nitriles, 645-646

of nitroparaffins, 649

of ozonides, 816

by silent electric discharge, 727

of thioamides, 600

of undecenoyl chloride, 934

Refractive indices, of acids, saturated,

387-389

unsaturated, 390

of hydrocarbons, 881

of nitriles, 628

Resonating structure of amides, 588-

590

Resorcinyl esters, 524

Ricinelaidic acid, 190

Ricinic acid, 191, 212

Ricinoleamide, 594

Ricinoleic acid, 90-91, 129-131, 187-

190

dehydration, 129-131, 188, 463

elaidinization, 190

esters, 498, 510

hydrogenation, 431

hydrohalogenation, 449

occurrence, 188, 190

oxidation, 421, 427, 919

physical constants, 189

preparation, 189

pyrolysis, 90-91, 129-131, 188, 817

reactions, with chlorosulfonic acid,

463

with sulfuric acid, concentrated,

459-460, 461<463

structure, 188-189

Ricinoleyl alcohol, 726

Ricinstearolic acid, 191, 455

Ricinus lipase, 275-276

Ring closure, see Cyclization

Rosenmund reduction, 810, 934

Rosilic acid, 186

Sabinic acid, 181-182

Saccharins, o-alkyl-, 929

Santalbic acid, 137

Saponification, of fats, 261-263, 269-

271, 272

historical considerations, 3-4, 259-

260

Saponification (Continued)

kinetics, 521-522

of simple alkyl esters, 521-524

of waxes, 715-716

Sativic aci^, 126-127

Saturated acids, see Acids—saturated

Scoliodonic acid, 144-145

Sebacic acid, see Decanedioic acid

Selacholeic acid, 118

Selachyl alcohol, 715, 928-927

Selenoaldehydes, 825

Separation of monocarboxylic acids,

279-298

by chromatographic adsorption,

913-914

by crystallization, non-solvent,

289-281

solvent, 281-289

by distillation, 289-298

by graimng, 280-281

by pressing, 289-281

from resin acids, 915

Sesamol, antioxidative properties, 418

Setting points, see Freezing points

Shibic acid, 145

Smectic phase, 350, 565

Soaps, acid ammonium, 890-891

acid potassium, 888r-890

crystal spacmgs, 345

acid sodium, 888-890, 938

aluminum, 893-894, 937

ammomum, 890-891, 938

dehydration, 582-583

hydrogenation, 649

solubility, 284r-286

angles of tilt, 344

banum, 893, 938

solubility, 286

beryllium, 893

bismuth, 900

cadmium, 900

calcium, 892-893, 938

solubility, 286

chromium, 901

cobalt, 901

conversion, to acid chlorides, 803-

807

to aldehydes, 814

to anhydrides, 796-797 798
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Soaps, conversion (ConHntied)

to ketones, 831-833

copper, 901

electrolysis, S77-S78

emulsifying properties, 808

ferric, 901-902

lead, 899

solubility, 281-283

lithium, 891-892

solubility, 283-284

magnesium, 892-893, 938

solubihty, 286

manganous, 901

mercury, 900

metaUic, 887-903

additions with pyridine, 903

hydrogenation, 727

monomolecular films, 404

mckel, 901

oxidation by hydrogen peroxide,

836-837

polymolecular films, 404

potassium, 888-890

ciystal spacings, 345

solubility, 285

pyrolysis, 868-869

reactions, with oxalyl chloride, 798,

807

with phosgene, 806-807

sihcon, 902

silver, 899-900

reaction with haloalkanes, 458

reaction with iodine, 717

sodium, 888-890

solubihty, 285

solubilities, 281-286

stannic, 902

strontium, 893

thallium, 894r-896

solubility, 285

thorium, 902

titanium, 902

zinc, 900-901

solubility, 286

zirconium, 902

Sodium alkyl sulfates, 752-753

effect on protein monolayers, 916

Sodium 1-dodecanesulfinate, 933

Sodium stearate, electrolysis, 878

Solubility, of acids, 379-384

in water, 377-378

of alcohols, 734-737

of alkali soaps, 889-890

of alkylammonium salts in ethanol,

665-667

of aluminum soaps, 894

of amides, 383, ^7-598, 599

of amines, primary, 657, 659

secondary, 383, 669-670

tertiary, 672-673

of ammonium soaps, 284r-285

of amlides, 383

of barium soaps, 286, 893

of binary mixtures, 381

of calcium soaps, 286, 892-893

of cobalt soaps, 902-903

of copper soaps, 902-903

of a,A>-diamines, 673

of N,N-diphenyl amides, 598

of esters, simple alkyl, 504

of ferric soaps, 901-902

of hydrocarbons, 884-885

of ketones, alkyl aryl, 853-855

dialkyl, 383, 841-843

of lead soaps, 281-283, 899

of hthium soaps, 283-284, 891-892

of long-chain compounds, 375-385

of magnesium soaps, 286, 893

of manganese soaps, 902-903

of metallic sulfonates, 778-779

of nickel soaps, 902-903

of mtnles, 629-631, 632

of N-phenyl amides, 598

of potassium soaps, 285, 889

of silver soaps, 899-900

of soaps, 281-286

of sodium soaps, 285

of stanmc soaps, 902

of thallium soaps, 285, 894-895

of water m aci^, 378, 379

of zinc soaps, 286

Solvent crystaUization, see Crystalli-

zation—^solvent

Sorbic acid, 120-121

Sorbityl esters, 924

Soybean oils, hydrogenation to alco-

hols, 725

Specific conductances of acids, 391
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Specific heats, of acids, liquid, 391-

392

of ethyl esters, 361, 362, 391-392

of hydrocarbons, 391-392

of long-chain compounds, 359-363

of methyl esters, 361, 362, 363, 391-

392

Specific volumes of hydrocarbons, 936

^>ectrophotometric studies, of acids,

393-395

of linoleic acid in blood, 923

of oxidized acids, 917-918

Sperm oil alcohols, 712-713

Spermaceti, 712

Splitting of fats, see Hydrolysis, of

fats

Squalene, 867

Starch esters, 570

Steapsin, 278

Stearaldehyde, 821

Stearamide, 593

Stearanilide, 593, 925

Steanc acid, see Octadecanoic acid

tnple-pressed, 280

Stearidonic acid, 143

Stearin pitch, 296

Stearolic acid, 168-169

from 9,10-dibromostearic acid, 455

hydrohalogenation, 450

mercuration, 468

oxidation, 421-422, 424, 427

reaction with sulfuric acid, 463

Stearone, 840

Stearomtnle, 626, 627, 628

Stearoyl chloride, see Octadecanoyl

chloride

Steryl esters, 564-566

Stigmasteryl esters, 566

Stilbesterol diethers, 932

Structure, of acids, 322-410

aquatic, 75, 77

histoncal, 4-5, 11-12

of alcohols, liquid, 732

of amides, 586-590

of arachidonic acid, 912

of brassidic acid, 117

of cerebronic acid, 196

of chaulmoognc acid, 214r-216

of elaidic acid, 110

Structure (CorUintied)

of eleostearic acid, 137-139

of erucic acid, 115, 117

of gorlic acid, 218

of hydnocarpic acid, 214-216

of linoleic acid, 121-127

of linolenic acid, 132-135

in the hquid state, 385-386

of long-cham compounds, 329-332

of oleic acid, 104-107

of polyester-polyamides, 601

of quaternary ammonium com-

poimds, 684r-685

of ricmoleic acid, 188-189

of tuberculostearic acid, 911

Suberic acid, see Octanedioic acid

Substitution of halogens, 452-453,

456^59
Succinic acid, see Butanedioic acid

Sugar esters, 571

Sulfates, alkyl, 750

alkyl hydrogen, 751-752

Sulfation, 459-466

of amines, 680

of hydroxyalkyl ethers, 762

of ketones, 847

technology, 463-465

Sulfides, alkyl aryl, 770, 771

chloroalkyl, 770-771

dialkyl, addition products with

metallic salts, 772

condensation with aromatic sul-

fonic acids, 780

oxidation, 772-773, 920

reaction with haloalkanes, 772

symmetrical, 769

synthesis, 769-771

unsymmetrical, 769

hydroxyalkyl, 770

condensation with ethylene ox-

ide, 772

oxidation, 772, 733

xenyl alkyl, 932-933

Sulfinates, 781

Sulfites, alkyl, 750

Sulfonated acids, 465

Sulfonates, lead, 775-776

sodium, 776

solubilities of metallic, 778-779
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Sulfonation, 45^66
of alcohols, 780-781

of 2-alkylimi(lazolines, 619

of amides, 607-608

of amines, 679-680

of anhydrides, 802

of aromatic substituted acids, 468,

469

catalysts, 465

of esters of inorganic acids, 781

of ethers, alkyl aryl, 763

amino, 781

dialkyl, 760-761

hydroxyalkyl, 762

of halogenated amlides, 608

of hydroxyalkyl sulfones, 773

of ketones, alkyl aryl, 857

dialkyl, 847

of methylol amides, 611, 612

of naphthiimdazoles, 618

of olefins, 780

of quaternaiy ammonium com-

pounds, 692-693

solvents, 465

technology, 463-465

Sulfones, 773

Sulfomc acids, alkyl, see Alkanesul-

fomc acids

aromatic, 779-780

Sulfomum compounds, 772

Sulfonylethanes, 781

Sulfoxides, 773, 920

Surface potentials of monomolecular

films, 397-398

Surface tensions, of acids, liquid, 390-

391

of alkylammonium salt solutions,

665

Synthesis, of acetylenic acids, 163-164

of amides, 582-586

of amines, 639-650

of aminopyridines, 636

of amhdes, 583

of carbohydrate esters, 567-571

of diamines, 648

of N,N-dibromo amides, 604

of dicarboxylic acids, 2^235
of diglycerides, 538-539, 560-561

of N,N-dimethyl amides, 597

Synthesis {C<nUmued)

of dinitriles, 624

of N,N-diphenyl amides, 597

of disubstituted ureas, 604

of N-dodecyl amides, 595

of ^ycerides, 530-544

of glycol esters, 527-528

of hydroxy aci^, 172-173

of N-hydroxyalkyl amides, 608-609

of imidazoles, 617-618, 619

of imino ethers, 613

of keto acids, 198-200

of methylene diamides, 610

of methylol amides, 610

of 1-monoglycerides, 536-537, 562

of 2-monoglycerides, 537-538, 563

of nitriles, 621-625

of N-octadecyl amides, 595

of polyamides, 601-602

of quaternary ammomum com-

pounds, 685

of saturated acids, 14-18

of simple alkyl esters, 492^-524

of substituted amidines, 614

of thioamides, 598, 634^35
of triglycerides, triacid, 557-558

unsaturated, 554, 556-557

unsymmetrical, 536

of urethans, 605-606

of vamllyl amides, 596

Tachardiaceric acid, 53

Tarinc acid, 167-168

Tautomerism of amides, 589-590

Ternary mixtures, of acids, 368, 374

of esters, 519

Ternary systems, hexadecanoic-hep-

tadecanoio-octadecanoic acids,

368

hexadecanoic-octadecanoic-oleic

acids, 374

Tetracarboxylic acids, 459

Tetracontane, 357, 882

Tetracosahexaenoic acid, 144

Tetracosane, 882

Tetracosanedioic acid, 246

Tetracosanoic acid, 49-61, 323^ 324^

325, 334, 336, 337

Tetracosanol, 346, 729
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Fetracodapentaenoio acid, 144r*145,

149

L5-Tetraoo6enoic acid, 118

Fetradecanal, 821

Fetradecanamide, 503

Fetradecane, 329, 357, 881, 936

Fetradecanedioic acid, 230, 245, 327,

328, 347

Fetradecanenitrile, 626, 627, 628

Fetradecanethiol, 768

Fetradecanoic acid, 32-34, 323, 324,

325, 330, 336, 337, 352, 387,

389, 390, 391, 392, 393, 915

Fetradecanoic anhydride, 799

Fetradecanol, occurrence, 713

physical constants, 729

Fetradecanoyl chloride, 809

Fetradecenoic acids, 94r-95

5-Tetradecenol, 714

Fetradecylamine, 651-652, 671

Fetradecylammonium acetate, 651

Fetrahexacontane, 357

Fetrahexadecyllead, 939

Fetrahexadecyltm, 939

Fetrapentacontane, 357, 882

Fetratetracontane, 936

Fetratetradecyllead, 939

Fetratriacontane, 357, 363, 882

Fetratriacontanedioic acid, 246, 347

Fetratriacontanoic acid, 59-60, 323,

324, 334

Fetratriacontanol, 346, 729

Fhapsic acid, see Hexadecanedioic

acid

Fhermal properties, see also Specific

heats

of ethyl esters, 361, 362, 515-516

of methyl esters, 361, 362, 363, 516

Fhioalcohols, see Mercaptans

Ihioaldehydes, 825

Ihioamides, 598, 600, 634-635

Fhiobenzothiazoles, 782

Thiocyanates, alkyl, 749-750

Thiocyanogen value, 302-303

Thioethers, see Sulfides

Thiohydantoins, pseudo-, 782

Thiohydrolysis of mtriles, 598, 634-

635

Thioketones, 847

Thionyl chloride, purification, 805,

934

Thiosulfates, sodium alkyl, 774

Thioureas, dialkyl, 674

Thynnic acid, 145

Tilt, angles of, see Angles of tilt

Tilted chains, 341-344

Timnodonic acid, 144

Tocopherols, antioxidative properties,

418, 920

Tocopheryl esters, 567

p-Toluenesulfonamides, 312

p-Toluenesulfonates, 779

Toluidides, of dicarboxylic acids, 594

of monocarboxylic acids, 305, 591,

595

Transference numbers of alkylammo-

nium salt solutions, 662-663

Triacontane, 357, 363, 882

Triacontanedioic acid, 246

Tnacontanoic acid, 30, 57-58, 323,

324, 334, 336, 337

Triacontanol, 346, 729

21-Triacontenoic acid, 119

2,4,6-Tnbromoanilides, 595

Tricosane, 882

Tricosanedioic acid, 246

Tncosanoic acid, 48-49, 323, 324, 325,

336, 337, 355

Tricosanol, 729

Tridecanal, 821

Tridecanamide, 593

Tridecane, 329, 357, 881, 936

Tridecanedioic acid, 230, 245, 327,

328, 347, 348

Tridecanemtrile, 627, 628

Tndecanethiol, 768

Tridecanoic acid, 31-32, 323, 324,

325, 336, 337, 355, 387, 389,

390

Tridecanoic anhydride, 799

Tridecanol, 729

Tridecenoic acids, 93-94

Tndec^lamine, 651-652, 671

Tridecylammonium acetate, 651

Trienoic acids, see Acids—^trienoic

Triglycerides, alcoholysis, 498-499

nomenclature, 553

parachor values, 922
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Tri^ycerides {Con^ueS)
simple, binary systems, 551

configuration, 549-550

crystal spacings, 547-550

crystal structure, 549-550

microscopic appearance, 551

physical properties, 545-551

symmetrical mixed, physical prop-

erties, 552-555

triacid, crystal structure, 558

polymorphism, 558

synthesis, 557-558

tuning-fork structure, 549-550, 552,

922

unsaturated symmetrical, crystal

structure, 555

physical constants, 554-555

synthesis, 554

unsaturated unsymmetrical, physi-

cal constants, 557

synthesis, 556-557

unsymmetncal, phsrsical properties,

555-558

synthesis, 536

Tnple-pressed stearic acid, 280

Tntetracontanc, 936

Tritnacontane, 936

Tntnacontanoic acid, 59

Tsuzuic acid, 95

Tuberculostearic acid, 43, 911

Tuning-fork structure, of triglycer-

ides, 549-550, 552, 922

Turkey-red oil, 459-460, 461

Twitchell reagents, 266-269, 464

Ultraviolet absorption, of acids, oxi-

dized, 917-918

saturated, 393^-394

unsaturated, 394-^95, 915
of alcohols, 733

of aldehydes, 822

of amides, 589

Undecanal, 821

Undecanamide, 593

Undecane, 329, 357, 881, 936

Undecane^oic acid, 230, 244, 245,

327, 328, 912

Undecanenitrile, 627, 628

Undecanethiol, 768

Undecanoic acid, 29, 323, 324, 325,

330, 351, 35^ 359, 387,389,390

Undecanoic anhydride, 799

Undecanol, 352, 729

10-Undecenal, 822

Undecenoic acids, 90-91

9-

undecenoic, 91

10-

undecenoic, 90-91

hydrohalogenation, 445, 448,

449-450

Undecenols, 934 •

Undecenoyl chloride, 934

Undecenyl alkylacetic acids, 227

Undecylamine, 651-652, 671

Undecynoic acids, 165-166

Umt cells, of binary acid mixtures,

365-366

of dicarboxylic acids, 348-350

of dihexadecyl ether, 759-760

of hexadecyl hexadecanoate, 758

of hydrocarbons, 341

of monocarboxylic acids, 340-341

Unsaturated acids, see Acids—unsatu-

rated

Ureas, disubstituted, 604, 605

Ureides, 616

Urethans, 605-606, 740-741

Uses, of acid chlorides, 812

of alcohols, 930

of aldehydes, 829

of alkyl aryl ketones, 857
of alkylammonium salts, 682-684

of aluminum soaps, 894

of amides, 606-607

of amines, 682-684

of anhydrides, 802-803

of calcium soaps, 892

of cellulose esters, 570

of heavy metal soaps, 896-898

of magnesium soaps, 893

of mercaptans, 933

of nitriles, 638

of quaternary ammonium com-

pounds, 696

of so^um alkyl sulfates, 752-753

of strontium soaps, 893

Vaccenic acid, 112-113

Valeraldehyde, 821
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Valeramide, 693

Valeric acid, see Pentanoic acid

Valeronitrile, 626, 628

Valeryl chloride, 809

VaDillyl amides, 696

Vapor pressures of saturated nitriles,

627

Varrentrapp method of acid separa-

tion, 281-283

Varrentrapp's reaction, 474-475

Vegetable waxes, alcohols, 713r-7l4

Viscosities, of monomolecular films,

399

of saturated acids, 392-393

Waxes, bacterial, 196

saponification, 715-716

saturated acids, 9-10

synthetic, 764-768

wool, 192-194

Willgerodt reaction, 856-867, 936

Wool wax, 192-194

alcohols, 714

Wurtz reaction, 873^76, 939

Wurtz-Fittig reaction, 748

Xanthates, 781

Xanthic formates, 781

Xanthophyll, antioxidative proper-

ties, 418

esters, 667

N-Xanthyl amides, 924

p-Xenyl amides, 596

Xenyl heptadecyl ketone, 849

Ximenic acid, 118

Xylityl esters, 922-923

Yellow bone marrow alcohols, 926

Zephirols, 687

Zigzag arrangement of carbon chains,

338-339

Zinc stearate, 900-901

Zoomanc acid, 97

Zoomaryl alcohol, 714
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